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Abbreviations 
 
  
Abbreviation Meaning 
BD biogas digestate 
d.s.c. dry solid content 
SPE solid phase extraction 
VA(s) veterinary antibiotic(s) 
  
SAs Sulfonamides & Trimethoprim 
SCP sulfachoropyridazine 
SDM sulfadimethoxine 
SDZ sulfadiazine 
SGD sulfaguanidine 
SMR sulfamerazine 
SMZ sulfamethazine (as known as sulfadimidine) 
SMX sulfamethoxazole 
SMP sulfamethoxypyridazine 
SPY sulfapyridine 
STZ sulfathiazole 
TPM trimethoprim 
  
TCs Tetracyclines 
CTC chlortetracycline 
DTC doxycycline 
OTC oxytetracycline 
TC tetracycline 
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ܽ௦ǡ௙ȁ௜  ܽ௟ǡ௙ȁ௜  [kg] Mass of VA in fertilizer 
ܽ௦ǡ௣ȁ௜  ܽ௟ǡ௣ȁ௜  [kg] Mass of VA in plough layer at end of time step 
ܽ௦ǡ௣ሺ௙ሻȁ௜  ܽ௟ǡ௣ሺ௙ሻȁ௜ [kg]  Mass of VA in plough layer after fertilizer event 
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ܽ௦ǡ௭ȁ௜  ܽ௟ǡ௭ȁ௜  [kg] Mass of VA in sub-plough layer at end of time step 
ܽ௦ǡ௭ሺ௙ሻȁ௜  ܽ௟ǡ௭ሺ௙ሻȁ௜  [kg]  Mass of VA in sub-plough layer after fertilizer event 
ܥ௦ǡ௥ȁ௜  ܥ௟ǡ௥ȁ௜  [kg kg-1] Concentration of VA transported to surface water systems 
ܥ௦ǡ௣ȁ௜  ܥ௟ǡ௣ȁ௜  [kg kg-1] Concentration of VA in plough layer at end of time step 
݀௣  [m] Depth of plough layer 
݀௦ǡ௥ȁ௜ ݀௟ǡ௥ȁ௜  [m] Depth to which material is removed from plough layer surface during a runoff event 
݀௭ȁ௜  [m] Depth of sub-plough layer at end of time step 
݀௭ȁ௜ିଵ  [m] Depth of sub-plough layer at start of time step 
݀௭ȁ଴  [m] Initial depth of sub-plough layer 
݀௭ሺ௙ሻȁ௜  [m] Depth of sub-plough layer depth after fertilizer event 
ܧ  [-] Slope erodibility 
݅  [-] Current time step 
݅௠௔௫  [-] Maximum number of time steps 
ܭௗǡ௙  [kg kg-1] Sorption coefficient in fertilizer 
ܭௗǡ௣  [kg kg-1] Sorption coefficient in plough layer 
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Symbols table continued  
݇  [day-1] Degradation constant (in solid-liquid mixture) 
݇௦  ݇௟  [day-1] Degradation constants  
ܮ   [m] Slope length 
ܯ௙ȁ௜  [kg] Mass (total) of fertilizer 
ܯ௥௨௡௢௙௙ȁ௜  [kg] Mass of runoff water transported out of cell 
ܯ௦ȁ௜  ܯ௟ȁ௜  [kg] Mass of considered material at end of time step 
ܯ௦ǡ௙ȁ௜  ܯ௟ǡ௙ȁ௜  [kg] Mass of solid fertilizer 
ܯ௦ǡ௣ȁ௜  ܯ௟ǡ௣ȁ௜  [kg] Mass of material in plough layer at end of time step 
ܯ௦ǡ௣ȁ௜ିଵ ܯ௟ǡ௣ȁ௜ିଵ [kg] Mass of material in plough layer at start of time step 
ܯ௦ǡ௣ȁ଴ ܯ௟ǡ௣ȁ଴  [kg] Initial mass of material in plough layer 
ܯ௦ǡ௣ሺ௙ሻȁ௜  ܯ௟ǡ௣ሺ௙ሻȁ௜ [kg]  Mass of material in plough layer after fertilizer event 
ܯ௦ǡ௥ȁ௜  ܯ௟ǡ௥ȁ௜  [kg] Mass of material transported from plough layer 
ܯ௦ǡ௭ȁ௜  ܯ௟ǡ௭ȁ௜  [kg] Mass of material in sub-plough layer at end of time step 
ܯ௦ǡ௭ȁ௜ିଵ ܯ௟ǡ௭ȁ௜ିଵ [kg] Mass of material in sub-plough layer at start of time step 
ܯ௦ǡ௭ȁ଴ ܯ௟ǡ௭ȁ଴  [kg] Initial mass of material in sub-plough layer 
ܯ௦ǡ௭ሺ௙ሻȁ௜  ܯ௟ǡ௭ሺ௙ሻȁ௜ [kg]  Mass of material in sub-plough layer at end of time step 
ܲ  [m3 m-3] Porosity of soil  
ݐ  [s] Time 
ݐ௜  [s] End of time step 
ݐ௜ିଵ  [s] Start of time step 
οݐ௜  [s] Time step duration 
ݔ௙ȁ௜  [-] Factor representing relationship between added depth of fertilizer and depth of plough layer 
ݔ௥ȁ௜  [-] 
Factor representing relationship between subtracted 
depth of transported material and depth of sub-
plough layer 
ܻ  [kg km-2 yr-1] Sediment yield 
Ꮙ  [-] Slope length 
ߩ௦  ߩ௟  [kg m-3] Density of soil 
ߩ௦ǡ௙  ߩ௟ǡ௙  [kg m-3] Density of fertilizer 
ԉ   [-] Ratio of slope base to average slope gradient 
ߔ௙ȁ௜  [m3 m-3] Liquid content of fertilizer 
ߔ௜ିଵ  [m3 m-3] Water content of soil at start of time step 
ߔ଴ [m3 m-3] Initial water content of soil 
Note: the subscripts s and l are used to denote properties in solid and liquid form, respectively.
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1 Introduction 
1.1 Relevance 
Hundreds of thousands of tons of antibiotics are used globally in human and veterinary 
medicine every year (Wise, 2002). Antibiotics are used to treat infections caused by bacteria, 
parasites and fungi (WHO, 2014). Antibiotics are administered to humans therapeutically; when 
humans are showing symptoms of an infection or disease. Veterinary antibiotics (VAs) may also 
be administered to animals therapeutically, or via metaphylactic or prophylactic treatment 
(Jackson, 1993). Metaphylactic treatment entails administering VAs to all animals in a living 
vicinity if a small number of animals show symptoms of disease, in order to prevent the disease 
from spreading. Half of all administered VAs are given in this way. Prophylactic treatment 
entails administering VAs to all animals within a living vicinity, even if no animals are showing 
symptoms of disease, in order to prevent an outbreak. VAs may also be administered as 
performance enhancers (to promote faster growth of the animal). This has been illegal in the EU 
since 2006 (European Commission (EC), 2003). 
The survival of a microorganism (for example, a disease-spreading pathogen) which has 
endured prolonged contact with an antibiotic without being killed may be due to the occurrence 
of a genetic mutation which has caused it to become resistant to that antibiotic. The antibiotic 
resistance gene is subsequently passed to succeeding generations of the microorganism. This 
evolutionary tactic allows the microorganism strain to survive (Martinez and Baquero, 2000). 
Eventually only resistant microorganisms will exist in the vicinity of that antibiotic. In this way, 
microorganisms may become resistant to multiple antibiotics (Sarmah et al., 2006, and 
references therein). 
The emergence of antibiotic resistant microorganisms is a risk to modern medicine, as 
infections and minor injuries will become untreatable and therefore lethal (WHO, 2014). This 
will pose considerable medical and financial threats to future generations if it is not controlled. 
The situation may be compared to the outbreak of a new disease. To reactively counter the threat, 
the medical industry must develop new methods of treatment, which is time-consuming and 
expensive. The role of the scientific community is to help proactively control the threat (before a 
crisis emerges), by identifying the sources of antibiotic resistances, understanding their 
dispersion mechanisms and suggesting mitigation methods. 
Antibiotic resistances develop and persist in places where antibiotics are prevalent. The 
bodies of humans and livestock animals that directly consume antibiotics (particularly those that 
over-consume) may therefore become hosts to resistant microorganisms (McGowan, 1983). 
Hospital buildings are also notorious antibiotic resistance strongholds as the presence of drugs 
creates a constant proximity of antibiotics to microorganisms in the air, on surfaces and in human 
bodies. These microorganisms may develop resistances which spread within the building (and 
consequently to other patients) via respiration as well as contact with surfaces (Gilbert et al., 
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2010; McGowan, 1983). This phenomenon may also occur in livestock animal enclosures, 
endangering the animals, farm workers and vets (Chapin et al., 2005; Hamscher et al., 2003).  
A further area of concern is the increased exposure of humans and animals to antibiotics 
from various environmental compartments. This is caused by the introduction of antibiotic-
contaminated excrement to environmental compartments such as soils and surface water systems, 
from where they may be transported to drinking water, flora and fauna (further details are given 
in section 1.2). Via the food chain and drinking water, the potential risk is that these antibiotics 
are ingested by humans and livestock animals, leading to increased chances of resistance 
formation within their bodies (Li et al., 2012; Sapkota et al., 2008; Ye et al., 2007).  
1.2 Antibiotics in the environment: transport routes 
Antibiotics used in human medicine, agriculture and aquaculture are introduced to the 
environment and transported within it in different ways (Fig. 1.1).  
 
Fig. 1.1. The introduction of antibiotics to the environment and their transport routes therein. 
The transport route of interest in this thesis is highlighted. 
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1.2.1 Antibiotics used in human medicine 
Antibiotics that are not absorbed into human bodies enter sewerage systems in 
excrement. There is also evidence to suggest that many humans dispose of unwanted or over-
date drugs directly into toilets (Kümmerer, 2008). Antibiotics in all of these forms reach sewage 
treatment plants but are not removed from the waste (Xu et al., 2007) as they are neither toxic 
chemicals nor harmful microorganisms. Antibiotics in treated liquid waste are therefore released 
into surface water systems (a drinking water and food source) downstream of sewage treatment 
plants (Christian et al., 2003; Lindberg et al., 2005) where they may contaminate water (a 
drinking water source), sediment, flora and fauna (food sources) (Li et al., 2012). Leakage from 
septic tanks is also possible (Sarmah et al., 2006), causing soil contamination. Antibiotics in 
solid waste (sludge) may be sent to landfill sites or be applied to agricultural fields in fertilizer, 
also contaminating soils and connected environmental compartments (see below) (Holm et al., 
1995). 
1.2.2 Antibiotics used in agriculture 
Antibiotics that are not absorbed into animal bodies exit the body in excrement (Christian 
et al., 2003; Hamscher et al., 2002; Kemper et al., 2008; Winckler and Grafe, 2001). 
Contaminated excrement may be delivered by animals directly to pastoral fields in grazing areas 
or be collected beneath animal stalls and either indirectly applied to agricultural fields as 
fertilizer or leaked into the ground from fertilizer storage tanks (Sarmah et al., 2006; Kemper, 
2008). Fertilizer may take the form of manure, slurry (liquid manure) or biogas digestate (the 
fermented mixture of excrement and plants that is outputted from biogas plants (Spielmeyer et 
al., 2014)).  
From the field, where antibiotics are frequently detected in soils (Hamscher et al., 2002; 
Tolls, 2001; Thiele-Bruhn, 2003, and references therein), antibiotics may be transported to 
groundwater (a drinking water source) via infiltration (Chee-Sanford et al., 2001; Hamscher et 
al., 2005), crops (a food source) and other plants via transpiration (Bassil et al., 2013; Boxall et 
al., 2006; Kumar et al., 2005; Li et al., 2013) or surface water systems (a drinking water and food 
source) (Christian et al., 2003; Hirsch et al., 1999; Kim and Carlson, 2007; Kolpin et al., 2002) 
via surface runoff (Burkhardt et al., 2005; Davis et al., 2006; Kay et al., 2005; Stoob et al., 
2007).  
There is evidence to suggest that antibiotics may also be transported to surface water 
systems whilst attached to soil particles, via water-induced soil erosion (Davis et al., 2006). Once 
present in surface water systems, antibiotics may contaminate water, sediment, flora and fauna 
(Li et al., 2012). Transport via wind-induced soil erosion has also been suggested (Di Guardo et 
al., 2004); wind-induced soil erosion would introduce antibiotics to the atmosphere, from where 
they could be transported great distances and contaminate other soil types, surface water 
systems, flora and fauna. 
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1.2.3 Antibiotics used in aquaculture 
Antibiotics given to fish and crustaceans (a food source) in breeding enclosures are 
administered by mixing them into the enclosure water (Holmström et al., 2003; Lalumera et al., 
2004; Sapkota et al., 2008). Some antibiotics that are not consumed by the creatures settle at the 
bottom of the enclosures where they are absorbed into the sediment; some remain in the water or 
re-enter it when sediment is agitated (Smith and Samuelsen, 1996). Antibiotics in the water and 
sediment are released into nearby surface water systems (a drinking water and food source) when 
the pools are cleaned, contaminating the external water, sediment, flora and fauna (Li et al., 
2012).  
1.2.4 Focus 
The focus of this thesis is the fate of antibiotics used in agriculture (Fig. 1.2), not those 
used in human medicine or aquaculture. The agricultural VA transport route that has been most 
highly scrutinised around the world is the vertical transport of VAs from agricultural soils to 
groundwater resources via percolating precipitation water. The VA transport route of the least 
global interest so far is the overland transport route: the transport of VAs from agricultural fields 
to surface water systems in surface runoff and eroded soil particles. 
 
 
Fig. 1.2. Transport routes of veterinary antibiotics used in agriculture. 
Research has been published evidencing the overland transport of VAs across short 
distances in controlled test conditions (Davis et al., 2006; Kay et al., 2005), plus the detection of 
VAs in surface water and sediment in areas affected by agricultural runoff (Kim and Carlson, 
2007). Despite this proof of transport, the entire VA overland journey (starting with their 
application to fields in fertilizer; ending with their residence in surface water systems) has never 
been conceptualised as a series of connected steps. The VA overland transport route is therefore 
the focus transport route of this thesis. 
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1.3 Veterinary antibiotic behaviour 
During their journey from fertilizers to agricultural fields to surface water systems, VAs 
are acknowledged to exhibit specific behavioural trends, most prominently sorption and 
degradation (Gong et al., 2012; Blume et al., 2010). The prominence of sorption and degradation 
is different for each VA in each host material (fertilizer and soil). Sorption accounts for the 
adhesion of VAs present in liquid form to solid particles. Understanding the sorption strength of 
a VA in a host material is necessary to determine its solid-liquid partitioning in that substance. 
Degradation accounts for the reduction or transformation of a recognised mass of VA as a result 
of contact with its environment. The effects of these behavioural traits must be clearly 
understood in order to predict the masses of VAs which can be transported overland in surface 
water and eroded soil. 
1.4 Objective 
The objective of the research presented in this thesis is to predict the concentrations of 
veterinary antibiotics that are transported to surface water systems via overland transport 
within a study area. This will require a detailed understanding of the masses of VAs present in 
each host material along their journey (fertilizers, soils and surface water systems), their 
behaviour therein and the process by which VAs are transferred from one host material to the 
next. 
By achieving this objective, the aim of this thesis is to identify areas of high VA overland 
transport and occurrence in surface water systems within a study area. The probability of VA 
transfer to humans or animals (via drinking water or the food chain) within these areas can 
subsequently be researched in more detail. However, this thesis is specifically concerned with 
the overland transport of VAs; not their transfer to humans and livestock animals, nor the 
subsequent development of VA resistances within their bodies. 
1.5 Study Area 
This thesis will examine the overland transport of VAs across the study area of Germany, a 
country in which considerable research into the environmental contamination of VAs has been 
conducted over the past two decades. During this period, samples have been gathered from point 
locations around Germany and analysed to determine VA concentrations in the mg kg-1 to ȝgkg-1 
range in fertilizers (Spielmeyer et al., 2014; Christian et al., 2003; Hamscher et al., 2002), the 
mgkg-1 to ȝg kg-1 range in soils (Christian et al., 2003; Hamscher et al., 2005; Thiele-Bruhn, 
2003, and references therein); the ȝg kg-1 to ng kg-1 range in groundwater (Hamscher et al., 2005; 
Kemper, 2008) and the ȝg kg-1 to ng kg-1 range in surface water (Christian et al., 2003; Hirsch et 
al., 1999). No research has been conducted in Germany regarding concentrations of VAs in 
runoff water and eroded soil. 
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1.6 Approach 
In order to predict the masses of VAs which are transported overland across a large study 
area such as Germany, it is necessary to know the masses of VAs that are present on the surfaces 
of agricultural fields, i.e. the masses that are susceptible to overland transport. It is impractical to 
establish VA masses in soils over a large study area by sample collection and analysis; these 
masses must be calculated. In order to do this, one must first consider the initial masses of VAs 
that are administered to animals across the study area. In Germany, this data is available from the 
German Federal Office for Consumer Protection and Food Safety (BVL), who release yearly 
data showing the recorded sales of VAs per region across Germany and masses sold in each 
major VA group (BVL, 2014).  
One must then consider the impact of the following processes on the initial masses of 
administered VAs: 
x the absorption of VAs into different animals’ bodies 
x the sorption and degradation of VAs in different fertilizers 
x the mass of fertilizer that is applied to agricultural fields 
x the times of year at which fertilizer is applied to agricultural fields 
x the depth to which fertilizer is ploughed into agricultural fields 
x the sorption and degradation of VAs in the different soil matrices to which they are 
applied 
It is necessary to understand these processes correctly, in order to calculate the masses of 
potentially-transportable VAs that are present on the field surface. In order to predict the 
overland transport of VAs across a given study area over a specific time period, the numerical 
model VANTOM (Veterinary Antibiotic Transport Model) has been developed, in which all 
above-mentioned processes are considered. In order to predict the overland transport of VAs 
across Germany, the VA sales data provided by the BVL (2014) are used as VANTOM input 
data, alongside behavioural coefficients (dictating sorption and degradation) which are 
determined via literature research and laboratory experiments. 
In order for VANTOM to calculate the VA masses which are transported overland, the 
masses of pore water and eroded soil which are transported (acting as VA carriers) must be 
known for the study area in question. Over a large study area, such masses could not be 
practically obtained from field observations. The numerical model, PESERA (Pan European Soil 
Erosion Risk Assessment) was therefore coupled with VANTOM in order to provide required 
input data: the masses of surface runoff and soil erosion across Germany. PESERA is a 
hydrologically-based process model which was designed to predict soil erosion in monthly time 
steps on a continental scale (Kirkby et al., 2008). The PESERA model was obtained as the result 
of co-operation with its developers at the University of Leeds, U.K.  
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1.7 Thesis outline 
To address the necessary processes involved in the prediction of veterinary antibiotic 
overland transport in Germany, a research campaign was devised (Fig. 1.3).  
 
Fig. 1.3. Diagrammatic conceptualisation of thesis structure. 
The thesis is divided into the following chapters: 
Chapter 1: Introduction (current chapter). The global issue of environmental antibiotic 
contamination from antibiotics used in human medicine, agriculture and aquaculture is 
presented; the focus of the thesis is antibiotics used in agriculture. The threat of antibiotic 
resistance development and the consequent risks involved with the environmental spread of VAs 
is explained. The objective of the thesis is stated: to predict the concentrations of veterinary 
antibiotics that are transported to surface water systems via overland transport within a study 
area. The study area is the country of Germany. The method by which this objective will be 
achieved is explained. The thesis structure and contents of each thesis chapter is summarised. 
Chapter 2: Literature review. The aim of this chapter is to assess the current state of 
scientific knowledge surrounding the behaviour of VAs in host materials, the occurrence of VAs 
in different environmental compartments (including drinking water and food sources) and the 
overland transport of VAs. A review of acknowledged overland transport mechanisms is also 
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conducted, i.e. the causes and routes of pore water and soil particle transport, plus any 
contaminants that they may contain. Gaps in current knowledge are identified and requirements 
for further research (to be carried out in the following thesis chapters) are addressed.  
Chapter 3: Water and sediment sampling. Chapter 2 (literature review) identifies a lack 
of surface water sampling data in the study area, Germany. The aim of Chapter 3 (Bailey et al., 
2015) is therefore to assess if veterinary antibiotics are present in German water systems (in both 
water and sediment) in areas affected by overland transport from agricultural fields. Three water 
and sediment sampling schemes were conducted in Germany to examine the effects of season, 
heavy rainfall and high veterinary antibiotic usage on VA detection in those samples.  
Chapter 4: Laboratory experiments. Chapter 2 (literature review) identifies a lack of 
data regarding VA sorption and degradation (in solid and liquid form), firstly in fertilizer and 
secondly following the application of that fertilizer to different soils. The aim of Chapter 4 
(Bailey et al., 2016) is therefore to conduct two experiments to quantify the time-dependent 
behaviour (sorption and degradation) of VAs in fertilizer and soil, consequentially replicating the 
journey that VAs follow between the animal stall and the field.  
Firstly, the VAs sulfadiazine, sulfamethazine, sulfamethoxazole and tetracycline were 
mixed into cow excrement, which was prepared with three dry solid content variations. 
Secondly, cow excrement containing the same VAs was mixed into sandy and clayey saturated 
soils. In each case, the mixtures were partitioned into their solid and liquid phases and the VA 
concentration in each was determined using liquid chromatography tandem mass spectrometry. 
Sorption isotherms and degradation constants are calculated based on incubation periods. The 
results of the experiments are presented and discussed. 
Chapter 5: Numerical model theory. Chapter 2 (literature review) identifies the current 
absence of a numerical model which is capable of predicting the overland transport of VAs 
within a study area. The aim of Chapter 5 is therefore to present the Veterinary Antibiotic 
Transport Model (VANTOM). VANTOM predicts the behaviour (sorption and degradation) of 
VAs in fertilizer and soil and the masses of VAs which are transported overland following their 
application to agricultural fields in fertilizer. VANTOM is applicable to large or small study 
domains and long or short study periods.  
VANTOM functions by calculating a VA mass budget within each time step, which 
accounts for the addition of VAs to fields via fertilizer application and their subtraction via 
degradation and transportation in runoff water and eroded soil. The solid-liquid partitioning of 
VAs in both fertilizer and soil is considered. The user must supply input data related to fertilizer 
usage (applied masses, application dates and plough depth) and VA behaviour (sorption 
coefficients and degradation constants). VANTOM must be used in conjunction with an existing 
hydrologically-based soil erosion model, which supplies input data including predicted masses of 
runoff water and eroded soil.  
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A case study is presented in which VANTOM is coupled with the existing 
hydrologically-based soil erosion model PESERA across the study area of Germany, to predict 
the masses of the VAs sulfamethazine and tetracycline that are transported overland during one 
year. Input data regarding the behaviour of these VAs in fertilizer and soil are taken from 
Chapter 4 (laboratory experiments). The areas of greatest VA accumulation and transport in 
Germany are identified and compared to those detected in Chapter 3 (water and sediment 
sampling). 
Chapter 6: Numerical model application. The aim of Chapter 6 is to investigate the 
influence of fertilizer management on the severity of VA overland transport across the study area 
of Germany. The focus VA groups are sulfonamides and tetracyclines. The assessed fertilizer 
management variables are: fertilizer type, fertilizer application (dates and volumes), and the 
depth to which fertilizer is ploughed into agricultural fields.  
The temporal distribution of VAs in different fertilizers is investigated, which is used as 
input data for VANTOM, alongside the VA behavioural data gathered in Chapter 4 (laboratory 
experiments). By coupling VANTOM with PESERA and running various combinations of input 
data, is possible to compare the influences of the above-mentioned fertilizer management 
variables on the severity of the overland transport of the sulfonamide and tetracycline groups. 
Areas of greatest VA accumulation and transport in Germany are identified and compared to 
those detected in Chapter 3 (water and sediment sampling). The long-term effects of VA 
applications to German agricultural land are also explored.  
Chapter 7: Synthesis, conclusions and recommendations. The contents of each chapter of 
the thesis are synthesized and the major conclusions which can be gathered from the research 
campaign are stressed. Suggestions for continuations of the presented research in future projects 
are presented. 
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2 The overland journey of veterinary antibiotics: a review 
2.1 Abstract 
The aim of this review is to determine and critically assess the current state of scientific 
knowledge surrounding the overland transport of VAs from the sulfonamide and tetracycline 
groups. Gaps in current knowledge and requirements for further research are identified. Data was 
gathered from relevant peer-reviewed journal papers, textbooks and legislature. Topics of 
interest are: the behaviour of VAs in host materials (fertilizer and soil), the detected 
concentrations of VAs in different environmental compartments (fertilizer, soil and surface water 
systems) and the mechanisms which govern the overland transport of VAs (surface runoff and 
soil erosion).  
 The majority of research in this field so far has been aimed at the detection of VAs in 
fertilizers and soils and their behaviour therein, although research into the transport and 
environmental occurrence of VAs is increasing. Experiments conducted on small-scale plots 
confirm that the overland transport of VAs in solid and liquid form is possible. VAs have also 
been detected in surface water systems (in water and sediment) that are specifically effected by 
runoff from agricultural areas. Additionally, antibiotics have been detected in human drinking 
water and food sources (flora and fauna), although their source (humans or veterinary medicine) 
is unclear. 
 As the overland transport of VAs has been proven to take place, concentrated research 
into predicting the journey of VAs from fertilizer to surface water systems is now recommended; 
according to the reviewed literature this has not yet been carried out. The journey should be 
simulated over a study area (in which VA contamination in surface water systems is suspected to 
be prevalent) by expanding a physically-based soil erosion model to account for the occurrence 
and behaviour of VAs in masses of soil and water that are transported overland. This would 
allow the masses of transported VAs to be assessed with spatial and temporal variation, whilst 
taking into account the major factors that influence the overland transport of material (climate, 
soil type, vegetation and topography). Further studies are first required to determine VA 
behaviour (solid-liquid partitioning and degradation in solid and liquid form) in host materials in 
order to reliably simulate the behaviour of VAs during their journey. Data specific to the chosen 
study area regarding VA concentrations in fertilizer, fertilizer application (dates and masses) and 
plough depths must also be available.  
Further research into the VA contamination of drinking water, flora and fauna is also 
recommended, in order to understand the probability (and associated risk) of the human ingestion 
of VAs.  
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2.2 Introduction 
Antibiotics are chemical compounds that are used in veterinary medicine to treat infections 
caused by bacteria, parasites and fungi (WHO, 2014). Veterinary antibiotics (VAs) have been 
researched as trace contaminants of the environment over the past 25 years. When VAs are 
administered to animals, a percentage of the administered mass is not absorbed into the animal’s 
body and is consequently found in its excrement. The contaminated excrement is either directly 
applied to fields as fertilizer or is fed into biogas plants, the output of which is also applied to 
fields as fertilizer. Following application, the fertilizer and VAs it contains are ploughed into the 
field. VAs are therefore introduced to the environment via human behaviour, where they initially 
contaminate soil and pore water.  
Transport of VAs away from the areas of initial contamination is enabled by the addition 
of water (precipitation or snowmelt) to fields. Water may infiltrate downwards through the soil, 
carrying VAs to groundwater (Kaprac et al., 2005; Hamscher et al., 2005). It may be absorbed by 
roots via transpiration, carrying VAs to plants (Boxall et al., 2006; Hu et al., 2010; Kumar et al., 
2005). It may flow overland to surface water systems (streams, rivers, lakes and reservoirs) (Kay 
et al., 2005; Davis et al., 2006), carrying VAs to the water and sediment present in those systems 
(Kim and Carlson, 2007; Li et al., 2012) (Fig. 2.1). The contamination of these environmental 
compartments affects the flora and fauna with which they come into contact (Li et al., 2012); 
VAs are absorbed or ingested into living organisms. Whole ecological systems and eventually 
humans may therefore become affected via drinking water (Ye et al., 2007) and the food chain. 
The currently unregulated occurrence of VAs in different environmental compartments and their 
spread to living organisms causes concern due to the promotion of VA-resistance formation 
(Kemper, 2008 and references therein). 
2.3 Focus and objective 
The focus of this review is the fate of VAs that are transported overland from agricultural 
fields to surface water systems. When surface runoff occurs, VAs may be carried from the field 
surface in transported pore water (liquid form) or attached to eroded soil particles (solid form). 
The objective of this review is to determine and critically review the current state of knowledge 
regarding: 
x the behavioural traits of VAs in fertilizer and soil and the effects of that behaviour on 
their overland transport 
x the occurrence of VAs at different stages of the recognised overland transport route 
(between their administration to animals and their presence in different environmental 
compartments) 
x the mechanisms by which VAs are transported overland (surface runoff and water-
induced soil erosion). 
x the influence of VA overland transport on human drinking water and food sources 
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2.4 VAs of interest 
Antibiotics are synthesized through the secondary metabolism of living organisms and 
disrupt protein production in cells, halting their reproduction and, in so doing, the spread of 
bacterial infections (Lancini and Parenti, 1982). The most frequently administered groups of 
VAs around the world are sulfonamides, tetracyclines, penicillins and macrolides. The groups 
most often identified in fertilizers and environmental compartments are sulfonamides (which are 
often used in conjunction with trimethoprim) and tetracyclines. This review will examine current 
knowledge of the following members of those groups, which have all been detected in fertilizers 
and the environment: sulfachoropyridazine (SCP), sulfadimethoxine (SDM), sulfadiazine (SDZ), 
sulfaguanidine (SGD), sulfamerazine (SMR), sulfamethazine (SMZ), sulfamethoxazole (SMX), 
sulfamethoxypyridazine (SMP), sulfapyridine (SPY), sulfathiazole (STZ), trimethoprim (TPM), 
doxycycline (DTC), chlortetracycline (CTC), oxytetracycline (OTC), and tetracycline (TC) (Fig. 
2.2). Antibiotics in the sulfonamide group are synthetically derived (artificially created) from the 
chemical sulphanilamide. Antibiotics in the tetracycline group were originally derived from 
naturally occurring soil-dwelling bacteria; more recent versions are semi-synthetic. 
Fig. 2.1. VA transport routes: from administration to the environment. 
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Sulfonamides & Trimethoprim   
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Fig. 2.2. Chemical structure of veterinary antibiotics of interest from the sulfonamide and 
tetracycline groups. 
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2.5 VA behaviour 
Veterinary antibiotics have been observed to exhibit two particular behavioural traits 
(sorption and degradation) in different host materials (fertilizer and soil matrices) along the VA 
transport route. 
2.5.1 Sorption 
Sorption of VAs in part solid-part liquid matrices is observed. “Sorption” accounts for the 
adhesion of a VAs to the surface of a solid particle (adsorption), the incorporation of a VA into a 
solid particle (absorption) and the release of a VA from a solid particle (desorption). Sorption 
coefficients are used to describe the partitioning of VAs between the solid and liquid phases of a 
host material. Sorption coefficients vary between antibiotics and their host materials. The 
Langmuir, Freundlich, and linear sorption isotherms (Eqs. 1, 2 and 3, respectively) are 
commonly used in published literature to describe this partitioning (Gong et al., 2012; Skopp, 
2009; Tolls, 2001; Selim and Amacher, 1996). 
 
ܥ௦ ൌ
஼ೞǡ೘ೌೣή௄೗ή஼ೌ೜
ଵା௄೗ή஼ೌ೜
 (1) 
ܥ௦ ൌ ܭ௙ ή ܥ௔௤௡ (2) 
ܥ௦ ൌ ܭௗ ή ܥ௔௤  (3) 
 ܥ௦  [kg kg-1] is the concentration of VAs which are sorbed to solid particles; ܥ௦ǡ௠௔௫  
[kg kg -1] is the maximum capacity of VAs in a solid mass (VA concentration in the solid mass at 
matrix saturation point); ܥ௔௤ [kg kg-1] is the concentration of freely dissolved VAs; ܭ௟, ܭ௙and ܭௗ 
[kg kg-1] are the Langmuir, Freundlich and Linear sorption coefficients, respectively, and ݊  [-] is 
the linearity parameter. 
The Langmuir isotherm is used to describe the solid-liquid partitioning of VAs in 
matrices with a finite number of sorption sites. As this can be difficult to determine in a naturally 
occurring soil-water matrix, the linear isotherm (a derivative of the Freundlich isotherm; n=1) is 
the most commonly used empirical sorption formula. The linear isotherm is a reversible equation 
which is used to predict the partitioning of VAs in a host material at a given time point after 
equilibrium has been achieved. Allaire et al. (2006) observed that equilibrium was reached 
within the minutes to hours range for various VAs.  
There is evidence to suggest that the sorption of VAs to the host material solid mass 
increases with time following a pseudo-second order equation (Chatterjee et al., 2014). Thiele-
Bruhn (2003) suggests that adsorption is a fast initial process (following the addition of VAs to a 
material) whereas absorption is a slower, penetrative process. However, this is difficult to 
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observe in reality due to other chemical interactions with the environment (such as degradation, 
see below) and transport possibilities (Ho and McKay, 1999). 
 Thiele-Bruhn (2003) and Hamscher et al. (2005) suggest that sorption is caused by ionic 
bonding and hydrogen bridging between VAs and the mineral, metal, protein and silanol groups 
that are found in soil, as opposed to hydrophobic partitioning (repulsion of the VAs by water). 
As the organic content of the host material increases (which increases the presence of these 
groups), sorption therefore increases (Thiele, 2000). This often leads to greater sorption of VAs 
to clayey soils than sandy soils, as clayey soils are generally observed to possess higher organic 
and mineral contents than sandy soils and their small grain sizes also offer a greater surface area 
for adsorption. The sorption of antibiotics to particles is also strongly affected by the pH of the 
host material; sorption increases as the pH decreases (soil becomes more acidic) (Boxall et al., 
2002; Tolls, 2001). This is due to increased ionic interactions (electrostatic forces) between VAs 
and charged particle surfaces as the pH decreases (Thiele-Bruhn, 2003). 
The sorption of a VA to soil affects its mobility in liquid form; those that sorb more 
strongly to soil particles are less likely to be transported by surface runoff water and percolating 
water or to be absorbed by plants. Sulfonamides exhibit weaker sorption than tetracyclines, so 
are consequently more mobile in liquid form. However, VAs that have sorbed to particles may 
also be transported if particles are eroded and transported by flowing water (Davis et al., 2006; 
Yang and Carlson, 2003; Campagnolo et al., 2002; Kolpin et al., 2002). It is necessary to 
understand the sorptive behaviour (i.e. obtain sorption coefficients) of different VAs in fertilizers 
and soils in order to understand the state (solid or liquid) in which masses of VAs are both 
applied to fields and can subsequently be transported.  
ܭௗ values [kg kg-1] of VAs in fertilizers and soils have therefore been collected (Table 
2.1), showing that ܭௗ  values for sulfonamides range from 0.9 to 10 and ܭௗ  values for 
tetracyclines range from 417 to 15848. ܭௗ values for VAs in fertilizer were not frequently found 
in published literature, suggesting that the partitioning of VAs in fertilizers has not been 
thoroughly explored. However, Loke et al. (2002) report a ܭௗ value for OTC in pig manure of 
77.6 - 83.2. This is significantly lower than the ܭௗ values reported for OTC in different soils 
(417 - 15848) by Gong et al. (2012), Kaprac et al. (2005) and Rabølle and Spliid (2000), 
suggesting that OTC is more prominent in the liquid phase of fertilizer than in the liquid phase of 
soils. 
Due to the lack of published information, it is difficult to interpret the dependence of VA 
solid-liquid partitioning in fertilizer on the subsequent solid-liquid partitioning in soils and hence 
to appreciate if, through the use and management of certain fertilizers, the partitioning and 
overland transport of VAs could be controlled. However, based on the available information 
regarding VA sorption to soils, it is apparent that tetracyclines sorb more strongly to soils than 
sulfonamides and are therefore more liable to transport in solid form (attached to eroded soil 
particles), whilst sulfonamides are more liable to transport in liquid form. 
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Table 2.1. Sorption coefficients in fertilizers and soils. 
VA Host material ܭௗ  value 
[kg kg-1] 
pH Organic 
content 
[%]  
Country Reference 
Sulfonamides & Trimethoprim     
SCP Sandy loam soil 0.9 6.8 - U.K. Boxall et al. (2002) 
 Clayey loam soil 1.8 6.5 - U.K. Boxall et al. (2002) 
 Clayey loam soil 4 6.2 3.1 The Netherlands Tolls et al. (2002) 
SDM Silty loam soil 2.3 7.0 1.6 Germany Thiele et al. (2002) 
 Clay loam soil 10 6.2 3.1 The Netherlands Tolls et al. (2002) 
SDZ Silty loam soil 2.0 7.0 1.6 Germany Thiele et al. (2002) 
 Clay loam soil 2.5 6.2 3.1 The Netherlands Tolls et al. (2002) 
SMZ Sandy soil 1.3 7.5 1.3 China Gong et al. (2012) 
 Sandy soil 1.2-1.3 5.2 0.9 Germany Langhammer and Büning-
Pfaue (1989) 
 Loamy sand soil 3.1-3.5 5.6 2.3 Germany Langhammer and Büning-
Pfaue (1989) 
 Sandy loam soil 2.0 6.3 1.2 Germany Langhammer and Büning-
Pfaue (1989) 
 Silty sand soil 3.1 7.3 2.4 China Gong et al. (2012) 
 Silty loam soil 2.4 7.0 1.6 Germany Thiele et al. (2002) 
 Clayey loam soil 3 6.2 3.1 The Netherlands Tolls et al. (2002) 
 Clayey silt soil 8.5 4.9 39.9 China Gong et al. (2012) 
 Clayey silt soil 0.9 -1.0 6.9 1.1 Germany Langhammer and Büning-
Pfaue (1989) 
SPY Silty loam soil 1.6 7.0 1.6 Germany Thiele (2000) 
 Silty loam soil 7.4 6.9 2.4 Germany Thiele (2000) 
 Silty loam soil 3.5 7.0 1.6 Germany Thiele et al. (2002) 
STZ Clayey loam soil 3 6.2 3.1 The Netherlands Tolls et al. (2002) 
       
Tetracyclines   
CTC Clayey silt soil 4093 7.6 2.43 U.S.A. Kaprac et al. (2005) 
DTC Clayey silt soil 3763 7.6 2.43 U.S.A. Kaprac et al. (2005) 
OTC Pig manure 77.6-83.2 - - Denmark Loke et al. (2002) 
 Sandy soil 1072 7.5 1.3 China Gong et al. (2012) 
 Sandy soil 670 5.6 1.4 Denmark Rabølle and Spliid (2000) 
 Sandy soil 417 6.3 1.5 Denmark Rabølle and Spliid (2000) 
 Sandy loam soil 1026 5.6 1.1 Denmark Rabølle and Spliid (2000) 
 Loamy sand soil 680 6.1 1.6 Denmark Rabølle and Spliid (2000) 
 Silty sand soil 2692 7.3 2.4 China Gong et al. (2012) 
 Clayey silt soil 15848 4.9 39.9 China Gong et al. (2012) 
 Clayey silt soil 2694 7.6 2.43 U.S.A. Kaprac et al. (2005) 
TC Clayey silt soil 3456 7.6 2.43 U.S.A. Kaprac et al. (2005) 
VA = veterinary antibiotic, ܭௗ value = sorption coefficient, SCP = sulfachoropyridazine, SDM = sulfadimethoxine, 
SDZ = sulfadiazine, SMZ = sulfamethazine, SPY = sulfapyridine, STZ = sulfathiazole, CTC = chlortetracycline, 
DTC = doxycycline, OTC = oxytetracycline, TC = tetracycline 
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2.5.2 Degradation 
Degradation of VAs involves a time-dependent reduction in the mass of recognised VA 
which is present in a host material; it may evolve into a known daughter product or change 
beyond any recognition, effectively disappearing. Degradation may take place at different rates 
at different stages of the transport route (inside an animal, in fertilizer storage, attached to soil 
and sediment particles or in water). Degradation can be caused by exposure to water 
(hydrolysis), exposure to light (photodegradation), or microbial activity (biodegradation) (Chee-
Sandford et al., 2012; Kemper, 2008; Thiele-Bruhn, 2003 and references therein). 
Exposure to bright light causes tetracyclines to degrade three times more rapidly than in dark 
conditions (Chee-Sandford et al., 2012). However, light exposure in fertilizer tanks and below 
the field top layer is minimal, therefore it is assumed that photodegradation has no significant 
effect on the degradation of VAs on the field (Kemper, 2008; Thiele-Bruhn, 2003), although 
VAs exposed to sunlight during or after transportation may be affected. However, numerous 
antibiotics are susceptible to biodegradation, which transform the parent compound via oxidative 
decarboxylation and hydroxylation (Kemper, 2008; Thiele-Bruhn, 2003). Degradation is 
considered to be faster in aerated (as opposed to unaerated) conditions and is enhanced by higher 
temperatures (Thiele-Bruhn, 2003). This is particularly relevant for degradation that occurs in 
fertilizer storage tanks, where excrement is often stored for six months to one year before being 
used on fields (Chee-Sandford et al., 2012); temperatures are typically higher in storage facilities 
than in soils due to bacterial activity, the presence of animals and shelter from outdoor weather.  
The daughter products of degradation may still be active (able to disable the production 
of pathogenic microorganisms which can lead to the development of microbial resistance), so 
they can consequently still be considered harmful (Thiele-Bruhn, 2003); Boxall (2011) argues 
that daughter products can be considered to be of greater environmental concern than the parent 
compounds if they appear to be more persistent. 
It is difficult to predict the effects of biodegradation as rates are different for each VA in 
each host material (Chee-Sandford et al., 2012). Daughter products can also be transformed back 
to their parent compound (Kemper, 2008). This is a particular problem in excrement storage 
tanks, as animals are constantly excreting, adding fresh VA residues to the tank and making it 
difficult to interpret the change in VA concentration between two fixed time points. It is 
therefore extremely difficult to predict the masses in which VAs are applied to fields, persist on 
fields and are transported. 
Degradation that occurs as VAs pass through animals is generally expressed as a 
percentage loss in published literature. 40-90% of ingested tetracyclines and sulfonamides are 
reportedly excreted by livestock animals (Elmund et al., 1971; Feinman and Matheson, 1978; 
Alcock et al., 1999). Degradation in fertilizers and soils can be estimated using the exponential 
decay equation (4) (Blume et al., 2010). The equation does not account for the formation, 
persistence or degradation of daughter products. 
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ܥ௧ ൌ ܥ଴ ή ݁ି௞ή௧  (4) 
 
ܥ௧ [kg kg-1] = VA content in host material at any given time; ܥ଴ [kg kg-1] = initial VA 
content in host material; ݐ [days] = time and ݇ [days-1] = degradation constant in host material. 
The degradation constant can be calculated if one measures the percentage decrease of a parent 
compound within an observed time period. 
Degradation data collected from published literature and the associated degradation 
constants (݇ values [days-1]) vary significantly between authors (Table 2.2). This may be due to 
the aforementioned difficulties involved with measuring degradation or due to differences in test 
conditions; fertilizer and soil properties. ݇ values in soil may be found based on the application 
of VA-contaminated fertilizer to the soil or just the application of VAs to soil (minus fertilizer). 
The comparison of ݇ values between host materials is therefore difficult. In general, ݇ values are 
higher in fertilizers than soil and higher for sulfonamides than tetracyclines (higher ݇ values 
indicate faster degradation). Particularly fast degradation of VAs in poultry manure is reported 
by several authors (Höltge and Kreuzig, 2007; Karcı and Balcıo÷lu, 2009; Martínez-Carballo et 
al., 2007). It is important to understand which VAs degrade fast in fertilizer, as they are therefore 
unlikely to be applied to fields in large quantities and their detection in other environmental 
compartments (such as surface water systems) can be attributed to other antibiotics sources (such 
as human wastewater). 
Some authors report very little degradation of VAs on the field over several months or 
even years. Hamscher et al. (2005) state that in a field test conducted over several years in 
Germany, CTC was still found in soil samples three years into the experiment; SDZ and SMZ 
were still detected in soil after two years. It can therefore be assumed that VAs are accumulating 
in agricultural soils, due to the repeated application in fertilizer and their slow degradation. The 
threat of VAs that exhibit persistence in the ground is of particular concern to environmentalists, 
as the prolonged exposure of an eco-system to VAs promotes the development of resistances 
against them. 
What is unclear from the collected ݇ values (Table 2.2) is the variation in degradation 
rates of VAs in the solid and liquid phases of a host material (both fertilizer and soil). Is 
degradation faster in the liquid or solid phase? The collected ܭௗ values (Table 2.1) indicate that 
greater concentrations of tetracyclines sorb to soil particles (solid phase) whereas greater 
concentrations of sulfonamides are present in pore water (liquid phase). How do the degradation 
rates of tetracyclines and sulfonamides affect the masses of VAs in solid and liquid form that 
persist on the field and the further environment following transportation? 
Due to the lack of comparable data that has been collected from published studies, further 
studies are suggested in which the solid-liquid partitioning and degradation of VAs in first 
fertilizer and secondly soil are observed. In-so-doing, it will be possible to assess which VAs are 
most liable to transport in solid and liquid form and which VAs are likely to persist in different 
environmental compartments. 
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Table 2.2. Degradation in fertilizers and soils ( values [days-1] calculated from accrued data). 
VA Host 
material 
Time period 
[days] 
Concentration 
decrease [%] 
݇ value 
[days-1] 
Country Reference 
Sulfonamides & Trimethoprim     
SDZ Manure 28 0 0 Denmark Halling-Sørensen (2000) 
SMZ Loamy sand 64 0.2 0.097 Germany Langhammer et al. (1990) 
 Clayey silt 64 0.3 0.091 Germany Langhammer et al. (1990) 
       
Tetracyclines     
CTC Cattle 
manure 
84 24 0.017 U.S.A. Rumsey et al. (1977) 
 Poultry 
manure 
1 50 0.665 U.S.A. Dolliver et al. (2008) 
 Sandy loam 
soil 
30 88 0.004 U.S.A. Gavalchin and Katz (1994) 
 Soil Ca. 180 0 0 Germany Hamscher et al. (2001) 
OTC Manure 
solids 
43.8 50 0.016 Denmark Ingerslev et al. (2001) 
 Soil 180 0 0 The 
Netherlands 
van Gool (1993) 
TC 
 
Poultry 
manure 
84 65 0.005 
 
Germany Jagnow (1977) 
 Pig manure, 
aerated 
4.5 50 0.154 Germany Kühne et al. (2000)  
 Pig manure, 
non-aerated 
9 50 0.077 Germany Kühne et al. (2000)  
 Pig manure 55-105 50 0.013-
0.007 
Germany Winckler and Grafe (2001) 
 Soil Ca. 180 0 0 Germany Hamscher et al. (2001) 
VA = veterinary antibiotic, ݇ value = degradation constant, SDZ = sulfadiazine, SMZ = sulfamethazine, CTC = 
chlortetracycline, OTC = oxytetracycline, TC = tetracycline 
 
2.6 Environmental occurrence of VAs 
In this section, concentrations of VAs that have been detected in environmental 
compartments along the overland transport route (fertilizers, soils, surface water systems (water 
and sediment)) are presented, following their acquisition from published data. The aim of this 
section is firstly to ascertain if VAs have been detected in all major environmental compartments 
along the overland transport route and secondly to observe the concentrations in which they have 
been detected, in both solid and liquid form. The effects of sorption and degradation can then be 
considered at each stage of the overland journey. 
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2.6.1 Fertilizers 
Concentrations of VAs detected in fertilizers (Table 2.3) are generally found in the mg 
kg-1 range. The detected concentrations depend on the masses of VAs that are administered to 
animals, the percentage that passes through the animal and any degradation of the VAs that has 
taken place prior to sample analysis, either during storage or (in the case of biogas digestate) 
during fermentation. Trends suggest that the administration of VAs to animals in developing 
countries is higher than those in developed countries due to lack of governmental regulation. 
Trends in European countries show that sales of VAs have dropped in recent years (BVL, 2014), 
particularly following the 2006 ban on the use of VAs as growth promoters in the EU. 
The collected data shows that many members of the sulfonamide and tetracycline groups 
have been detected in fertilizers around the world. It is often unclear in publications if sampling 
was conducted directly before fertilizer was applied to fields. In order to understand the masses 
of VAs which are introduced to the environment, fertilizer samples must be taken directly before 
the application of fertilizer to fields, which typically occurs (in the Northern Hemisphere) in 
spring (February to April), but may occur several times per year between February and 
November (application during winter months is prohibited in many countries). Fertilizer samples 
which are not taken directly before fertilizer application do not give an accurate depiction of the 
concentrations that are actually introduced to the environment; degradation may occur in storage 
causing the concentrations which are applied to fields to be lower than indicated. 
According to the gathered data, the only authors to have observed the changes in VA 
concentrations in fertilizer throughout a year are Spielmeyer et al. (2015), who sampled biogas 
digestate from various biogas plants around Germany throughout 2013-2014. They detected the 
greatest samples of CTC in the month of July, which they attribute to the wet German summer in 
2013 (wet or cold weather induces illness in animals, which results in an increased 
administration of VAs).  
2.6.2 Soils 
The majority of VA concentrations found in soils around the world (Table 2.4) are in the 
ȝg kg-1 range; approximately 1000 times smaller than concentrations of VAs that are found in 
fertilizers. This can be attributed to the dispersion of VAs throughout the plough layer; the mass 
of VAs that was densely concentrated in a small volume of fertilizer is now less densely 
concentrated throughout a larger volume of soil. For this reason, the presentation of detected 
VAs as concentrations instead of masses is (whilst correct) misleading as a reader may assume 
that the quantity of VAs decreases significantly between fertilizers and soils. Whilst some 
degradation of VAs in soil does occur as reported above, it is necessary to stress that the lower 
concentrations of VAs that are reported in soil are not primarily due to a reduction of VA mass, 
merely a dispersion of that mass.  
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Table 2.3. VA concentrations in fertilizers. 
VA Fertilizer type Time of 
year 
Concentration 
[mg kg-1] 
Country Reference 
Sulfonamides & Trimethoprim    
SCP Manure  November 0.3 – 2.4 China Hu et al. (2010) 
 Manure  May 0.21 – 2.76 China Hu et al. (2010) 
 Cow manure Apr - Jul 0.36 China Zhao et al. (2010) 
 Pig manure Apr - Jul 0.82 China Zhao et al. (2010) 
 Poultry manure January 10 – 35 Turkey Karcı and Balcıo÷lu (2009) 
SDZ Pig manure Apr - Jul 0.21  China Zhao et al. (2010) 
 Pig manure May 2 Denmark Jacobsen and Halling-Sørensen (2006) 
 Poultry manure - 51 – 91 Austria Martínez-Carballo et al. (2007) 
 Poultry manure January 2 Turkey Karcı and Balcıo÷lu (2009) 
 Biogas digestate April 0.2 Germany Spielmeyer et al. (2015) 
SGD Cow manure Apr - Jul 0.10  China Zhao et al. (2010) 
 Pig manure Apr - Jul 0.09  China Zhao et al. (2010) 
SMR Cow manure Apr - Jul 0.09  China Zhao et al. (2010) 
 Pig manure Apr - Jul 0.14  China Zhao et al. (2010) 
SMX Pig manure Apr - Jul 0.51  China Zhao et al. (2010) 
SMZ Manure  November 2.0 – 5.7  China Hu et al. (2010) 
 Manure  May 0.23 – 2.0 China Hu et al. (2010) 
 Cow manure Dec – Jan 0.2 – 0.3 Germany Christian et al. (2003) 
 Cow manure Apr - Jul 0.14  China Zhao et al. (2010) 
 Pig manure Apr - Jul 0.21  China Zhao et al. (2010) 
 Pig manure Dec – Jan 0.6 – 20  Germany Christian et al. (2003) 
 Pig manure - 20 Austria Martínez-Carballo et al. (2007) 
 Poultry manure January 3 – 4 Turkey Karcı and Balcıo÷lu (2009) 
 Biogas digestate January 2.8 Germany Spielmeyer et al. (2015) 
 Biogas digestate April 5.2 Germany Spielmeyer et al. (2015) 
 Biogas digestate July 9.2 Germany Spielmeyer et al. (2015) 
 Biogas digestate September 3.8 Germany Spielmeyer et al. (2015) 
STZ Poultry manure January 4 - 5 Turkey Karcı and Balcıo÷lu (2009) 
TMP Poultry manure - 17 Austria Martínez-Carballo et al. (2007) 
      
Tetracyclines    
DTC Cow manure Apr - Jul 0.68  China Zhao et al. (2010) 
 Pig manure Apr - Jul 0.79  China Zhao et al. (2010) 
CTC Manure  November 0.4 – 26.8 China Hu et al. (2010) 
 Manure  May 0.14 – 1.87  China Hu et al. (2010) 
 Cow manure Apr - Jul 1.24  China Zhao et al. (2010) 
 Pig manure Apr - Jul 2.69  China Zhao et al. (2010) 
 Pig manure - 0.1 – 130  U.S.A. Kaprac et al. (2005) 
 Pig manure April 0.1 Germany Hamscher et al. (2002) 
 Pig manure - 1.1-26 Germany Winckler et al. (2003) 
 Pig manure - 0.1-46 Austria Martínez-Carballo et al. (2007) 
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Table 2.3 continued    
 Pig manure May 30 Denmark Jacobsen and Halling-Sørensen (2006) 
 Poultry manure - 1.7 Austria Martínez-Carballo et al. (2007) 
 Poultry manure Dec-Jan 0.24-0.38 Turkey Karcı and Balcıo÷lu (2009) 
 Biogas digestate January 0.7 Germany Spielmeyer et al. (2015) 
 Biogas digestate April 0.5 Germany Spielmeyer et al. (2015) 
 Biogas digestate July 0.7 Germany Spielmeyer et al. (2015) 
OTC Manure  November 5.3 – 183.5  China Hu et al. (2010) 
 Manure  May 0.08 – 1.21  China Hu et al. (2010) 
 Manure December 0.2 Turkey Karcı and Balcıo÷lu (2009) 
 Cow manure Apr - Jul 2.22  China Zhao et al. (2010) 
 Cow manure December 0.05 Turkey Karcı and Balcıo÷lu (2009) 
 Pig manure Apr - Jul 1.15  China Zhao et al. (2010) 
 Pig manure - 0.00035 – 
0.00426 
U.S.A. Kaprac et al. (2005) 
 Pig manure - 1.6-136 Germany Winckler et al. (2003) 
 Pig manure - 0.21-29 Austria Martínez-Carballo et al. (2007) 
 Poultry manure - 1.1 Austria Martínez-Carballo et al. (2007) 
 Poultry manure January 0.22-0.33 Turkey Karcı and Balcıo÷lu (2009) 
TC Manure  November 8.3 – 43.5 China Hu et al. (2010) 
 Manure  May 0.11 – 29.3  China Hu et al. (2010) 
 Pig manure April 4 Germany Hamscher et al. (2002) 
 Pig manure  0.0004 – 
0.0085 
U.S.A. Kaprac et al. (2005) 
 Pig manure - 0.36-23 Austria Martínez-Carballo et al. (2007) 
VA = veterinary antibiotic, SCP = sulfachoropyridazine, SDZ = sulfadiazine, SGD = sulfaguanidine, SMR = 
sulfamerazine, SDM = sulfadimethoxine, SMX = sulfamethoxazole, SMZ = sulfamethazine, STZ = sulfathiazole, 
TPM = trimethoprim, DTC = doxycycline, CTC = chlortetracycline, OTC = oxytetracycline, TC = tetracycline 
 
Higher concentrations of VAs are detectable in clay-based soils due to higher sorption 
coefficients of VAs in clayey soils than sandy soils (Thiele-Bruhn, 2003 and references therein). 
Tetracyclines are generally detected in greater masses in soil than sulfonamides. This may be due 
to the relative immobility of tetracyclines due to their high sorption coefficients (meaning that 
sulfonamides are transported away from the plough layer whilst tetracyclines remain), but may 
also be due to difficulties in extracting sulfonamides from soil particles; concentrations may be 
greater in reality than have been historically detectable (Rosendahl et al., 2011). 
 Hamscher et al. (2005) analysed samples of sandy soil in layers from the soil surface 
downwards at different times of year and found that VAs were mainly contained within the depth 
of soil to which they were ploughed (the top 30 – 40 cm); i.e. transport of VAs to lower layers of 
soil was not confirmed. However, transport in percolating pore water was confirmed: SMZ was 
detected at a depth of 1.4 m at concentrations of 0.24 ȝg l-1. This reaffirms the need to consider 
the fate of VAs in solid and liquid form separately. TC and CTC were not detected below the 
plough layer; their strong sorption to soil makes them less mobile in liquid form than SMZ. 
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Table 2.4. VA concentrations in agricultural soils. 
VA Soil type Time of year Concentration [ȝg kg-1] Country Reference 
Sulfonamides & Trimethoprim    
SCP - November 1.3 – 2.5  China Hu et al. (2010) 
Hu et al. (2010)  - May 0.18  China 
 sandy January 40 – 110 Turkey Karcı and Balcıo÷lu (2009) 
SDZ - - 1  U.K. Boxall et al. (2005) 
SMZ - - 11  Germany Höper et al. (2002) 
 sandy November 2  Germany Hamscher et al. (2005) 
 - November 0.1 – 0.9  China Hu et al. (2010) 
Hu et al. (2010)  - May 0.03  China 
 sandy January 50 – 110 Turkey Karcı and Balcıo÷lu (2009) 
STZ sandy Jan - Dec 50 – 400 Turkey Karcı and Balcıo÷lu (2009) 
      
Tetracyclines     
CTC sandy May 4-39  Germany Hamscher et al. (2005) 
 sandy November 5-7  Germany Hamscher et al. (2005) 
 - November 33.1 – 107.9  China Hu et al. (2010) 
 sandy January 60 – 100 Turkey Karcı and Balcıo÷lu (2009) 
OTC - - 305  U.K. Boxall et al. (2005) 
 - November 124 – 268.3  China Hu et al. (2010) 
 sandy Jan - Dec 10 – 500 Turkey Karcı and Balcıo÷lu (2009) 
TC sandy May 86 – 295 Germany Hamscher et al. (2005) 
 sandy November 35 – 181  Germany Hamscher et al. (2005) 
 - November 2.5  China Hu et al. (2010) 
Hu et al. (2010)  - May 2.3  China 
VA = veterinary antibiotic, SCP = sulfachoropyridazine, SDZ = sulfadiazine, SMZ = sulfamethazine, STZ = 
sulfathiazole, CTC = chlortetracycline, OTC = oxytetracycline, TC = tetracycline 
 
 Hamscher et al. (2005) sometimes detected lower concentrations of VAs in the top 
centimetres of the plough layer than the middle of the plough layer. This may be attributed to the 
transport of VAs from the field surface following precipitation or to the photodegradation of 
VAs which are affected by sunlight. Greater concentrations of VAs in soil were also detected in 
May than November. This can be attributed to the application of fertilizers in February or March 
in Germany (Landwirtschaftskammer, 2012); due to degradation and transport of VAs, 
detectable concentrations diminish by November. However, according to the gathered data, no 
studies have examined VA concentrations in soils in every month throughout a year. Although it 
has therefore been proven that VAs are present in soils at some times of the year, it is difficult to 
interpret the masses that are transported throughout the year without a clear picture of 
approximately what masses are present on the soil surface (in solid and liquid form) and hence 
liable to overland transport. 
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The collected data shows that fewer members of the tetracycline group and particularly of 
the sulfonamide group have been detected in soils than in fertilizers. This indicates that 
(compared to tetracyclines) sulfonamides are either degraded in fertilizer (and are consequently 
not applied to fields), degrade faster on fields, are transported away from fields more easily or 
are less easily extracted from soil samples. 
What is often unclear from the presented VA detection results (Table 2.3 and Table 2.4) 
are the steps that have occurred during the process of fertilizer storage and application, 
particularly regarding the passage of time between fertilizer sampling, fertilizer application and 
soil sampling. To this end, publications that investigate VA concentrations in both fertilizer and 
soils (Hamscher et al., 2002; Karcı and Balcıo÷lu, 2009) offer the most detailed picture of the 
fate of VAs following their entrance into the environment.  
The mass of fertilizer that is applied to fields, the plough depth and the soil water content 
as well as the fertilizer and soil characteristics should also be considered in order to understand 
the fate of a specific antibiotic, as these factors will influence the dispersion, sorption and 
degradation of VAs along their journey. The presence of VAs in liquid form in the plough layer 
is also under researched. Many authors discuss the mobility and transport of VAs in liquid form, 
yet their presence on the field is generally assumed to be in solid form. It is therefore unclear 
what mass of VAs detected in soils is liable to transport in liquid form. The sorption coefficient, 
ܭௗ [kg kg-1], of each VA in soil presents the relationship between the mass of VA in solid form 
per mass solid material (soil particles) compared to the mass of VA in liquid form per mass 
liquid material (pore liquid). One must therefore examine masses of VAs that are introduced to 
the field, plus the masses of solid and liquid into which they are ploughed in order to predict the 
masses in the top millimetres which are liable to overland transport.  
2.6.3 Surface water systems 
To assess if antibiotics are entering surface water systems, many sampling schemes have 
been conducted to measure concentrations in water and sediment (Table 2.5). VA concentrations 
in sediment are generally detected in the ȝg kg-1 range (approximately the same concentrations 
as found in soil on the field) whilst VA concentrations in water are generally detected in the 
ng kg-1 range (approximately 1000 times smaller than those detected in soil). This can be 
attributed to the dilution of runoff water in surface water systems and the degradation of VAs in 
liquid form. 
However, results are often rendered inconclusive due to uncertainty regarding the 
antibiotic source. Antibiotics found in surface water systems may be human antibiotics, 
originating in sewage treatment plants, they may be veterinary antibiotics (VAs), originating on 
fields and transported via overland flow, or they may be a mix of both. It is therefore difficult to 
assess whether human or veterinary antibiotics are the major contaminant in a given area. In 
order to  examine the presence of VAs that  have  been  transported  overland, samples should be
 42 
Table 2.5. VA concentrations in surface water systems: water & sediment. Presented 
concentrations are explicitly not taken from aquaculture medicine contamination studies. 
VA Sample type Concentration  Sample source Country Reference 
Sulfonamides & Trimethoprim   
SCP Water 30 ng l-1 River U.S.A Kim and Carlson (2007) 
 Sediment 2700 ng kg-1 River U.S.A Kim and Carlson (2007) 
SDM Water 60 ng l-1 Stream U.S.A Kolpin et al. (2002) 
 Water 20 ng l-1 River U.S.A Kim and Carlson (2007) 
 Sediment 40 ng kg-1 Lake China Li et al. (2012) 
 Sediment 3800 ng kg-1 River U.S.A Kim and Carlson (2007) 
SDZ Water 4130 ng l-1 River U.K. Boxall et al. (2005) 
 Water 118 ng l-1 Lake China Li et al. (2012) 
 Sediment 410 ng kg-1 Lake China Li et al. (2012) 
SMR Water 20 ng l-1 River U.S.A Kim and Carlson (2007) 
 Sediment 4800 ng kg-1 River U.S.A Kim and Carlson (2007) 
 Sediment 50 ng kg-1 Lake China Li et al. (2012) 
SMX Water <480 ng l-1 River Germany Hirsch et al. (1999) 
 Water 200 ng l-1 River Germany Christian et al. (2003) 
 Water 240 ng l-1 Lake China Li et al. (2012) 
 Water 110 ng l-1 River U.S.A Kim and Carlson (2007) 
 Water 150 ng l-1 Stream U.S.A Kolpin et al. (2002) 
 Sediment 280 ng kg-1 Lake China Li et al. (2012) 
 Sediment 1600 ng kg-1 River U.S.A Kim and Carlson (2007) 
SMZ Water 5.25 ng l-1 Lake China Li et al. (2012) 
 Water 220 ng l-1 Stream U.S.A Kolpin et al. (2002) 
 Water 20 ng l-1 River U.S.A Kim and Carlson (2007) 
 Sediment 1470 ng kg-1 Lake China Li et al. (2012) 
 Sediment 4700 ng kg-1 River U.S.A Kim and Carlson (2007) 
SPY Water 13 ng l-1 Lake China Li et al. (2012) 
 Sediment 1600 ng kg-1 Lake China Li et al. (2012) 
STZ Water 0.08 ng l-1 Lake China Li et al. (2012) 
 Water 10 ng l-1 River U.S.A Kim and Carlson (2007) 
 Sediment 640 ng kg-1 Lake China Li et al. (2012) 
 Sediment 3300 ng kg-1 River U.S.A Kim and Carlson (2007) 
TPM Water <200 ng l-1 River Germany Hirsch et al. (1999) 
 Water 24 ng l-1 River Germany Christian et al. (2003) 
 Water 20 ng l-1 River U.K. Boxall et al. (2005) 
 Water 150 ng l-1 Stream U.S.A Kolpin et al. (2002) 
      
Tetracyclines    
CTC Water 420 ng l-1 Stream U.S.A Kolpin et al. (2002) 
 Water 80 ng l-1 River U.S.A Kim and Carlson (2007) 
 Sediment 10800 ng kg-1 River U.S.A Kim and Carlson (2007) 
DTC Water 20 ng l-1 River U.S.A Kim and Carlson (2007) 
 Sediment 15700 ng kg-1 River U.S.A Kim and Carlson (2007) 
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Table 2.5 continued    
OTC Water 340 ng l-1 Stream U.S.A Kolpin et al. (2002) 
 Water 180 ng l-1 River U.S.A Kim and Carlson (2007) 
 Sediment 14800 ng kg-1 River U.S.A Kim and Carlson (2007) 
TC Water 150 ng l-1 Stream U.S.A Kolpin et al. (2002) 
 Water 20 ng l-1 River U.S.A Kim and Carlson (2007) 
 Sediment 17900 ng kg-1 River U.S.A Kim and Carlson (2007) 
VA = veterinary antibiotic, SDM = sulfadimethoxine, SDZ = sulfadiazine, SMR = sulfamerazine, SMX = 
sulfamethoxazole, SMZ = sulfamethazine, STZ = sulfathiazole, TPM = trimethoprim, CTC = chlortetracycline, 
DTC = doxycycline, OTC = oxytetracycline, TC = tetracycline 
 
taken from surface water systems that are not downstream of human sewage treatment plants and 
which are in catchments areas that are influenced by runoff from agricultural land. 
Relatively few studies have analysed sediments samples from open surface water systems 
for VA contamination; the majority of analysed sediment has been taken from aquaculture 
enclosures (Lalumera et al., 2004; Tendencia and de la Peña, 2001) or from directly downstream 
of human sewage treatment plants. Such studies are not designed to evidence the transport of 
VAs from fields. 
One particularly useful study (in which both water and sediment samples were analysed) 
was conducted by Kim and Carlson, (2007) from the Cache La Poudre River in the U.S.A. 
Samples were taken from sites that were specifically influenced by either agricultural runoff or 
human wastewater over two years (2003 – 2005). At the sites that were influenced by 
agricultural runoff, multiple sulfonamides and tetracyclines were detected in both water and 
sediment. This confirms the overland transport of the VAs to surface water systems in 
agricultural runoff.  
Detection was typically more frequent in February and least frequent in August (in water 
and sediment), which supports the theory that VAs are applied to fields (in February) and are 
transported and/ or degraded (by August). Concentrations of VAs (particularly tetracyclines) 
were generally found to be greater in sediment than in water, presumably due to the strong 
sorption of VAs to soil particles on the field which are transported in agricultural runoff and 
become sediment particles.
2.7 Overland transport mechanisms 
Having confirmed the detection of VAs in fertilizers, soils and evidence of their transport 
to surface water systems, the mechanisms which dictate the overland transport of VAs are 
explored. Overland transport is caused by surface runoff; water that flows across the land surface 
carrying with it eroded soil particles. VAs are transported in liquid form (in pore water that is 
transported by the surface runoff), and in solid form (attached to eroded soil particles). 
Pioneering research into the theory of surface runoff and the associated soil erosion was 
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published in the 1930-40s by Robert E. Horton. Overland flow is often termed “Hortonian flow” 
in his honour. 
2.7.1 Surface runoff mechanisms 
Surface runoff is caused by the inability of water (primarily rainfall) to infiltrate into the 
ground surface. This may be due to the impermeability of the ground (e.g. in paved areas 
(Harbor, 1994) or soils of high clay content), an existing state of soil saturation (due to a raised 
water table), or (as is most frequently observed) a temporary surpassing of the soil infiltration 
capacity. According to Horton (1933), the soil infiltration capacity is “the maximum limiting rate 
at which the soil can absorb rain as it falls”. Infiltration capacity is governed by the simultaneous 
downward flow of water and upwards flow of displaced air through the pore network of a soil 
system. The available pore volume restricts the downwards velocity of the infiltrating water. 
Factors that influence the infiltration capacity are: soil texture, soil structure, vegetative cover, 
soil surface biota (e.g. roots, insects and earthworms), soil water content and the condition of the 
soil surface (ploughed or sun-cracked) (Horton, 1945; Wainwright et al., 2000). 
Infiltration capacity is mainly governed by the condition of the soil surface before 
precipitation occurs and the initial effects of precipitation on the soil surface structure. The 
energy of falling raindrops can induce a packing of the soil surface, due to the breaking down of 
the crumb structure of the soil, the swelling of colloids and the washing of fine material into 
larger pores. This surface packing forms a temporary barrier across the soil surface which 
reduces the infiltration capacity of water and consequently causes surface runoff. Runoff may 
therefore occur even when soil a few centimetres below the surface is relatively dry. The total 
runoff depth is typically in the millimetres range (Horton, 1945). 
 Ahuja et al. (1981) conducted experiments to observe the transport of an agricultural 
contaminant (phosphorus) in surface runoff. They concluded that mobile contaminant (i.e. 
contaminant not sorbed to soil particles) that was present in the top 2-3 mm soil was transported 
when runoff occurred. This was presumably caused by the interference of overland flow with 
contaminated pore fluid plus the effects of fluid entrainment (the “sucking up” of pore fluid due 
to the pressure gradient caused by movement of water across the soil surface). It can be predicted 
that VAs mobile in the top millimetres of soil are also transported in this manner. 
2.7.2 Soil erosion mechanisms 
Water-induced soil erosion involves three processes: the tearing loose of soil material 
(particle entrainment); the transport of the eroded soil particles (surface sediment) by overland 
flow and either the overland sedimentation of the material during transport or the delivery of 
material to a channel. The physical factors governing soil erosion are: initial soil resistivity 
intensity, infiltration capacity and the velocity and force of overland flow (Horton, 1945; 
Montgomery, 2007; Nearing et al., 1994). Soil erosion can also be caused by wind but that 
process will not be discussed in this thesis. 
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When precipitation occurs and causes runoff, water initially flows in a shallow sheet 
across the soil surface with very little energy. As the flow gains depth, velocity and energy, it is 
able to entrain and transport particles, in-so-doing forming shallow channels across the soil 
surface, known as rills. By definition, rills are channels that remain sufficiently small enough to 
be eradicate by ploughing (Foster, 1982; Young and Wiersma, 1973). 
The majority of soil erosion takes places in rills, when the hydraulic shear stress exerted 
on soil particles by the flowing water is sufficient to detach particles from the soil mass (Kirkby, 
1980). Rill flow acts as a transporting agent to carry detached soil downslope. The space 
between rills is known as the interrill area. Interrill flows are, by definition, too weak to detach 
soil particles but may transport particles that have already been detached from the soil mass. 
Erosion in interrill areas is therefore dominated by the force of impacting raindrops. Raindrop 
splash may be forceful enough to transport soil particles, but the masses of soil which are 
transported in this manner are generally considered negligible compared to the masses 
transported via rill flow (Kinnell, 1988).  
Overland flow entrains and transports a mass of soil particles per unit length of the slope 
until the flow reaches its carrying capacity. From this point, any entrained material induces the 
deposition of an equal quantity of material from the quantity which is already in suspension. A 
steady-state rate of sediment transport will be obtained when the rate of entrainment equals that 
of deposition (Prosser and Rustomji, 2000). If the slope angle decreases, the overland flow 
velocity will reduce and the deposition of suspended material (sedimentation) will occur on 
shallower slopes. Material that is not deposited is delivered to channels. This means that any 
contaminants, such as VAs, that are transported in eroded soil may be found either in channels or 
on the shallow slopes that precede channels (flood plains).  
2.7.3 Resistance to soil erosion 
The resistance of soil material to erosion increases with the fineness of the soil particles 
or soil texture. The resistance of sand to overland flows is therefore low, and it is readily 
transported (although overland flows may not develop due to the high infiltration capacity of 
sand). In comparison, the resistance of tough, cohesive clay is so high due to the packing of 
particles that erosion rarely occurs, even on bare soil (Horton, 1945). 
The resistance of a soil to erosion is largely governed by the presence of vegetation and 
the physical structure of the soil in the surface layers (Horton, 1945; Wainwright et al., 2000). A 
soil which forms a hard crust upon drying may be highly resistant to erosion, but may erode 
easily after ploughing breaks this crust. Vegetal cover intercepts the energy from falling 
raindrops that can otherwise detach soil particles, break down the crumb structure of the soil 
surface and cause packing (which induces runoff). Roots help to bind soil particles together, 
preventing the entrainment of material by runoff. For these reasons, erosion levels on agricultural 
fields are highest if runoff occurs when the structure of the soil surface is disturbed (due to 
ploughing) or when the vegetative cover is removed (due to harvesting). Erosion and the 
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associated transport of VAs present in the soil can be assumed to be highest following these two 
events, and generally higher in winter, when the soil is bare. 
Farming technique can also be used to prevent soil erosion form agricultural fields. 
Ploughing a field creates lines of ridges and channels; the chosen ploughing direction can 
consequently enhance or reduce soil erosion. Ploughing parallel to the slope of a field increases 
soil erosion by promoting concentrated overland flows which are able to flow directly downhill 
with speed (entraining and transporting particles in the process). Ploughing perpendicular to the 
slope of a field reduces soil erosion by preventing water flow; the ridges act a series of 
consecutive dikes which reduce the velocity of water flowing downhill, consequently forcing it 
to deposit any suspended soil particles. Farmers may also plant hedges or encourage the growth 
of verges along stream banks, so that overland flows are halted and sediment (potentially 
carrying VAs) is not carried to surface water systems (Basic et al., 2004). 
This information indicates that soil type, soil structure, vegetation, and farming technique 
(ploughing direction and dates; harvesting dates) have a strong influence on the masses of soil 
which are eroded, and consequently the masses of VAs that are transported with it. Such factors 
should be considered when predicting the masses of VAs that are transported overland.  
2.7.4 Predicting soil erosion 
Soil erosion from steeper, uphill slopes is difficult to measure due to the effects of 
deposition on shallower, downhill slopes. Soil erosion is often therefore measured in terms of 
sediment yield (tonnes hectare-1 or kg m-2). Sediment yield describes the net soil loss (the 
difference between the mass of entrained soil and mass of deposited soil) which leaves a 
specified area of land or crosses a boundary in a given time period (Nearing et al., 1994). 
Sediment yield can be practically estimated by catching and analysing masses of soil that enter 
channels in overland flows. The results of such methods for measuring soil loss from steeper 
slopes are often questionable due to unknown rates of sedimentation, either on flood plains or as 
overland flows encounter obstacles such as hedges and channel verges (Montgomery, 2007). 
Many models have been developed with which soil erosion can be mathematically predicted over 
a specific area. The two major types of soil erosion models are empirical models and physically-
based models (Nearing et al., 1994).  
Empirical models are primarily designed to predict soil loss. Statistical in nature, they are 
generally only applicable to those conditions for which their parameters (gathered by field 
observation) have been calibrated. The Universal Soil Erosion Equation (USLE) (Wischmeier 
and Smith, 1978) and its derivative the Revised Universal Soil Erosion Equation (RUSLE) 
(Renard et al., 1991) are the empirical models which have been used most widely for predicting 
soil erosion around the world. Extensive USLE validation tests have been carried out with 
relative accuracy on small experimental plots across the U.S.A. (Ritchie and McHenry, 1990), it 
has been criticised as inappropriate for extrapolation across large study domains (Trimble and 
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Crosson, 2000); adaptation to a new environment requires major investment of resources and 
time. 
Physically-based (or process-based) models are intended to represent the essential 
mechanisms controlling water-induced soil erosion (entrainment, transportation and deposition 
of soil particles). They are powerful tools as they can simultaneously consider the spatial and 
temporal variabilities of individual components which affect erosion (climate, plant growth, soil 
characteristics, topography), plus the complex interactions of those factors with each other. Over 
a given study area, physically-based models not only identify areas of high soil erosion but can 
also be used to identify the factors that are most influential to the erosion process. They can 
therefore be used as interactive conservation design tools, targeting critical seasons and months 
in which major erosion events occur, as well as critical positions in hillslopes where the greatest 
soil loss takes place. Examples of physically based models are the European Soil Erosion Model 
(EUROSEM: Morgan et al., 1998), the Limburg Soil Erosion Model (LISEM: De Roo et al., 
1996), the Pan European Soil Erosion Risk Assessment (PESERA: Kirkby et al., 2008) and the 
Water Erosion Prediction Project (WEPP: Laflen et al., 1997). 
This information indicates that whilst the VA masses that have been transported overland 
could be estimated by analysing samples of soil that enter channels in overland flows, this would 
not account for the total masses of VAs that are transported away from agricultural areas, as 
sedimentation may have occurred on floodplains. In order to estimate the VA masses that are 
associated with soil loss, soil sedimentation on floodplains and soil delivery to channels, plus to 
observe spatial and temporal variance over a study area, an existing physically-based soil erosion 
model should be expanded to account for the application of VAs to fields, their subsequent 
behaviour (sorption and degradation), plus their overland transport in solid and liquid form. No 
model current exists that was designed to do this. 
2.7.5 Overland transport of VAs 
Some experiments have been conducted to examine concentrations of VAs that are 
transported overland via runoff water and eroded soil (Table 2.6), although considerably less 
published research is available regarding the overland transport of VAs than has been conducted 
into their behaviour in soils or their occurrence in various environmental compartments. 
In all cases, a volume of spiked fertilizer (containing realistic masses of VA) was applied 
to sloping soil plots and artificially watered to created runoff. At the base of these plots, water 
and/ or transported sediment was caught and analysed. A particularly useful study is presented 
by Davis et al. (2006). Their results show that greater concentrations of VAs were transported in 
solid form via eroded soil than in liquid form. This can be attributed to the strong sorption of 
VAs to soil particles and suggests that sediment in streams that run through agricultural areas 
may contain greater concentrations of VAs than water. 
Kay et al. (2005a) investigated the influence of a plough-induced trough (“tramline”) on 
the overland transport of VAs. The trough ran parallel to the slope of the experimental plots. It 
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increased the transport of SCP by a factor of 4.5 and the transport of OTC by a factor of 1.3. This 
supports the theory offered by Basic et al. (2004) that by ploughing parallel to the field slope, the 
overland transport of material, plus in this case the VAs it carries, is increased. 
Whilst the presented experiments indicate that the overland transport of VAs occurs in 
solid and liquid form, there is a lack of published data that compares the influencing factors of 
the overland transport of material on the transport of VAs, such as slope, soil type and structure, 
climate, the presence of vegetation and the behaviour of different VAs. 
Table 2.6. VA concentrations in surface runoff: water and sediment. 
VA Sample type Concentration  Details Country Reference 
Sulfonamides & Trimethoprim    
SCP Runoff water 415.5 ȝg l-1 Experimental conditions U.K. Kay et al. (2005a) 
SMZ Runoff water 0.58 ȝg l-1 Experimental conditions U.S.A. Davis et al. (2006) 
 Eroded soil 0.6 ȝg kg-1 Experimental conditions U.S.A. Davis et al. (2006) 
STZ Runoff water 0.03 ȝg l-1 Experimental conditions U.S.A. Davis et al. (2006) 
 Eroded soil 2.0 ȝg kg-1 Experimental conditions U.S.A. Davis et al. (2006) 
Tetracyclines     
CTC Runoff water 0.04 ȝg l-1 Experimental conditions U.S.A. Davis et al. (2006) 
 Eroded soil 1.5 ȝg kg-1 Experimental conditions U.S.A. Davis et al. (2006) 
OTC Runoff water 32 ȝg l-1 Experimental conditions U.K. Kay et al. (2005a) 
TC Runoff water 0.03 ȝg l-1 Experimental conditions U.S.A. Davis et al. (2006) 
 Eroded soil 1.3 ȝg kg-1 Experimental conditions U.S.A. Davis et al. (2006) 
VA = veterinary antibiotic, SCP = sulfachoropyridazine, SMZ = sulfamethazine, STZ = sulfathiazole, DTC = 
doxycycline, CTC = chlortetracycline, OTC = oxytetracycline, TC = tetracycline 
2.8 VA contamination following overland transport 
The result of overland transport is the delivery of VAs to surface water systems, where 
they contaminate water and sediment. Surface water (primarily from reservoirs) is a drinking 
water source; drinking contaminated water is therefore a route by which VAs could be 
introduced to humans. The drinking of contaminated water plus exposure to contaminated 
sediment may lead to the introduction of VAs to sediment-dwelling biota and consequently to the 
food chain. This may eventually also cause VAs to be introduced to humans (e.g. via plant, fish 
or shellfish consumption). The following section details the concentrations of VAs that have 
been detected in drinking water and exposed flora and fauna. 
 Ye et al. (2007) collected and analysed water from three drinking water treatment plants 
in North Carolina, U.S.A. The sources of these plants were surface water reservoirs, which were 
downstream of several wastewater discharge points and located in basins which contained 
“animal feeding operation sites”, presumably livestock farming enterprises. SMX was detected 
in water taken directly from one reservoir at concentrations of 49 ng l-1 After treatment, drinking 
water was found to contain traces of SMX (less than 5 ng l-1; below the limit of detection). As 
discussed above, the origin of VAs detected in surface water systems is ambiguous; they may 
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originate in human or veterinary medicine. SMX is one of the most frequently used human 
antibiotics (Pérez et al., 2004) and is not regularly detected in agricultural soils, so its detection 
in this study is not proof that VAs transported overland are contaminating drinking water. 
However, the findings of Ye et al. (2007) do offer proof that antibiotics are being introduced to 
humans via the environment, which could have detrimental health effects. 
At present there is no legislation in the European Union concerning the occurrence of 
veterinary drugs in drinking water. For the occurrence of pesticides and biocides in drinking 
water, the critical value is 0.1 ȝg l-1; this is also considered a critical concentration for the 
occurrence of medicinal products by The European Agency of the Evaluation of Medicinal 
Products (Hamscher et al., 2005). The values detected by Ye et al. (2007) are lower than these 
thresholds values. However, without research into the effects of VAs (e.g. on resistance 
formation or toxicity) at different concentrations, these thresholds are meaningless. 
 Li et al. (2012) took samples of plant and animal muscle tissue from the Baiyangdian 
Lake, China, whose water and sediment have been found to be contaminated by VAs. Again, the 
VA source is unclear: the lake is potentially influenced by wastewater contaminated by both 
human and veterinary medicine. Samples were collected from five categories of biota including 
three hydrophyte (aquatic plant) species (floating fern: Salvinia natans; frogbit: Hydrocharis 
dubia; hornwort: Ceratophyllum demersum), four crustacean species (crab: Eriocheir sinensis; 
river snail: Viviparus; shrimp: Macrobrachium nipponense; lobster: Palinuridae), seven fish 
species (topmouth gudgeon: Pseudorasbora parva; loach: Misgurnus anguillicaudatus; yellow 
catfish: Pelteobagrus fluvidraco; crucian carp: Carassius auratus; common carp: Cyprinus 
carpio; silver carp: Hypophthalmichthys molitrix; bluntsnout bream: Megalobrama 
amblycephala), one reptile species (turtle: Pelodiscus sinensis) and two bird species (mallard: 
Anas platyrhynchos; Chinese pond heron: Ardeoala bacchus). The following VAs (mean 
detected concentrations are given) were detected in the tested plant species: SMZ (0.38 ȝg kg-1) 
and STZ (0.64 ȝg kg-1). The following VAs (mean detected concentrations are given) were 
detected in the muscle tissue of tested animal species: SMR (0.03 ȝg kg-1), SMX (0.15 ȝg kg-1), 
SMZ (5.03 ȝg kg-1), SPY (0.02 ȝg kg-1), STZ (0.88 ȝg kg-1). 
Although the sources of the detected antibiotics are uncertain, SMZ and STZ in particular 
are antibiotics that are frequently used in veterinary medicine and have been found to pollute 
soils and surface water systems. It is therefore likely that environmental contamination caused by 
VAs transported from agricultural areas is leading to the contamination of flora and fauna in 
affected habitats, some of which are eaten by humans. This area is in need of further research 
around the world in order to establish any effects on the food chain. 
2.9 Concluding remarks 
This review highlights that the majority of research in this field so far has been aimed at 
the detection of VAs in fertilizers and soils and their behaviour therein. Research into the 
transport and environmental occurrence of VAs is increasing. Experiments conducted in 
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laboratory conditions (Davis et al., 2006) confirm that VAs are transported overland in solid and 
liquid form, and Kim and Carlson, (2007) have detected VAs in surface water systems (in water 
and sediment) that are specifically effected by runoff from agricultural areas. VAs have been 
detected in fertilizer (in mg kg-1), soil (in ʅg kg-1) and surface water systems (water (in ng kg-1) 
and sediment (in ȝg kg-1)) in various countries and are potentially contaminating drinking water 
(in ng kg-1), plants (in ȝg kg-1) and animals (in ȝg kg-1). The VAs that have been identified as 
contaminants most regularly in this review are SCP, SDZ, SMX, SMZ, STZ, CTC, OTC and TC. 
When reviewing published data regarding the behaviour of VAs in different host 
materials, general trends suggest that VAs sorb more strongly to soil solid than fertilizer solid 
and more strongly to clayey soil than sandy soil. Tetracyclines are acknowledged to sorb to solid 
particles more strongly than sulfonamides in all host materials; the greater masses of 
tetracyclines than sulfonamides that are generally detected in fertilizer, soil and sediment support 
this theory. The degradation of sulfonamides is generally considered to be faster than that of 
tetracyclines but there is evidence to suggest that VAs from both groups persist for several years 
in soil (Hamscher et al., 2005). 
However, ܭௗ  values [kg kg-1] (sorption coefficients) and ݇  values [day-1] (degradation 
constants) are found to be irregularly presented. ܭௗ and ݇ values are given for many different 
VAs, but each is only valid for the host material for which it was calculated. The range of 
presented host materials (fertilizers and soils) and the different properties of each host material 
(pH, sand and clay content, organic content, water content) are vast. This makes the comparison 
of reported ܭௗ and ݇ values for different VAs difficult. There is also a specific lack of ܭௗ  values 
available for VAs in fertilizers, of separate ݇ values for VAs in solid and liquid form in all host 
materials and of concentrations of VAs found in soil liquid (pore water). 
Most reviewed works also do not give importance to the influence of time. The duration 
of a VA’s existence in fertilizer or on the field is critical when considering the degradation of 
different VAs in different host materials. For example, if a VA is known to degrade quickly in 
fertilizer, then it can be assumed to not be frequently applied to fields in fertilizer and hence to 
not be transported to further environmental compartments. Another example: if a VA is known 
to degrade quickly in soil liquid (pore water) than it could be assumed that it is only transported 
overland in solid form. Due to the effects of degradation, sample-taking dates are also important. 
Many reviewed works take fertilizer samples during winter: the recovered VA concentrations are 
unhelpful as degradation will occur between sample taking and the application of VAs to the 
field. Fertilizer samples should be taken directly before application, in order to know the VA 
masses which enter the environment. Similarly, soil samples should be analysed periodically 
throughout a year in order to assess the effects of degradation and VA mass that are present on 
the soil surface and liable to overland transport at different times of year. 
 Given the significant data gaps and patchiness of the presented ܭௗ and ݇ values, it is very 
difficult to map the journey that VAs take between their excretion from animals and their 
application to agricultural fields, also making it difficult to predict the VA masses that are 
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present in soil when overland flows occur, and which are hence liable to overland transport in 
solid and liquid form. Without fully understanding this journey, correct measures to mitigate the 
overland transport of VAs cannot be developed. Experiments in which the behaviour (sorption 
and degradation) of VAs are monitored are recommended, firstly in fertilizer and secondly in 
different soils (sandy and clayey) into which contaminated fertilizer has been mixed. The 
percentage split of VAs between the solid and liquid phases of each host material (as opposed to 
the concentration) should be observed in particular, in order to understand what percentage of an 
initial VA mass resides on a field in solid and liquid form (from where it will be transported). 
Predicting the whole VA journey (from fertilizers to surface water systems) over a study area 
will then be possible, if data is available across the study area is available regarding the masses 
of VAs present in fertilizers, the employed agricultural management techniques (fertilizer 
application dates, mass of applied fertilizer, plough depth and harvesting dates) and the masses 
of transported pore water and soil which are transported overland throughout the examined time 
period.  
The execution of further sediment sampling schemes is also recommended, due to the 
current worldwide lack of research into VA sediment contamination. Samples should be taken 
from surface water systems that are assumed to be influenced by runoff from agricultural areas, 
and if possible that are not at all influenced by human wastewater. The exploration of temporal 
dependence on detected concentrations is advised. Areas in which the occurrence of VAs in 
surface water systems is proven prevalent can be chosen as study areas in which to examine the 
overland transport of VAs more closely. 
Whilst the overland transport of VAs can be observed experimentally in controlled 
conditions (Davis et al., 2006), numerically modelling the overland transport of VAs across a 
relevant study area is recommended by expanding an existing physically-based soil erosion 
model. This has not previously been carried out. This method would allow the many factors 
which contribute to the overland transport of material (and the VAs therein) to be accounted for 
and spatial and temporal variations to be observed. Knowledge acquired from the above-
mentioned experiments (specifically the ܭௗ  values and ݇ values (in solid and liquid form) of 
various VAs in fertilizer and soil) can be used as input data for such a model. Modelling the 
overland transport of VAs over a large study area (e.g. a region or country) may be of initial use, 
so that hotspots of high VA transport can be identified as areas in need of further research.  
 There is evidence to suggest that VAs are contaminating drinking water (Ye et al., 2007), 
flora and fauna (Li et al., 2012), which indicates their consumption by humans. However, the 
sources of the detected antibiotics are not clear: they may stem from human or veterinary 
medicine. The threat of the potentially-consumed antibiotic quantities to humans is also unclear. 
The execution of further sampling of drinking water, animals and plants from areas known to be 
affected by agricultural runoff is recommended, plus further research into the environmental 
concentrations which can be considered dangerous to humans.  
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3 From agricultural fields to surface water systems: the overland 
transport of veterinary antibiotics 
 
3.1 Abstract 
The aim of the study was to assess if veterinary antibiotics, which are introduced to 
agricultural fields via fertilizer, are present in surface water systems (in both water and sediment) 
following overland transport via runoff and soil erosion; this transport route is under-researched. 
The analysis of sediment samples from potentially contaminated areas has not yet been 
conducted in Europe. 
Three water and sediment sampling schemes were conducted in Germany between June 
2013 and June 2014 to examine the effects of (1) season, (2) heavy rainfall and (3) high 
veterinary antibiotic usage. The samples were analysed for 15 veterinary antibiotics using liquid 
chromatography tandem mass spectrometry. Antibiotics were detected in all three schemes in 
trace quantities. This is the first time that veterinary antibiotics have been detected in German 
sediment. In particular, the presence of tetracycline in sediment taken from irrigation ditches in 
an agricultural area of high veterinary antibiotic usage offers proof that the overland transport of 
veterinary antibiotics is occurring. Due to the strong sorption of veterinary antibiotics 
(particularly tetracyclines) to soils, further research into their transport via soil erosion and 
presence in sediment is advised. 
3.2 Introduction 
This study focuses on the presence of veterinary antibiotics in the environment and their 
transportation therein. This is an emerging research field. The drugs are introduced to 
agricultural fields via the use of animal excrement as a fertilizer. Research thus far has mainly 
focussed on the presence of antibiotics in the soil top layer and vertical transport via percolating 
precipitation water. Transport in this manner has been proven to be limited due to the highly 
sorptive behaviour of antibiotics to soil particles (Hamscher et al. 2005; Kay et al. 2005a). 
The overland transport of antibiotics has also been suggested and proven in small-scale 
experimental conditions (Davis et al. 2006; Kay et al. 2005b) but not in wide-scale realistic 
conditions. Overland transport may take place via runoff (if antibiotics are dissolved in liquid) or 
via soil erosion (if antibiotics are sorbed to soil particles). This indicates that veterinary 
antibiotics may be present in water systems in both the water and sediment (Fig. 3.1). The 
environmental contamination of veterinary antibiotics is promoting the development of antibiotic 
resistances in microorganisms (Martinez 2009), with adverse effects on ecology and human 
medicine to be expected. 
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Fig. 3.1. Overland transport routes of veterinary antibiotics. 
Whilst many sampling studies have been performed in Asia (Li et al. 2012; Ok et al. 
2011) and North America (Kim and Carlson, 2007; Kolpin et al. 2002), the sampling and 
analysis of European surface water systems for veterinary antibiotics has not been extensively 
reported. No studies have yet been conducted that specifically focus on the contamination of 
surface water and sediment via overland transport from agricultural fields. For example, 
antibiotic analyses of surface water samples have been carried out by Christian et al. (2003) and 
Hirsch et al. (1999) in Germany but the most likely source of antibiotic contamination in these 
cases was effluent from sewage treatment plants (indicating the detection of human antibiotics; 
not veterinary). Sediment sampling studies are currently emerging in scientific literature, but 
primarily in Asia (Li et al. 2012; Ok et al. 2011).  
In Germany, around 30 – 50 m3 of fertilizer is applied per hectare agricultural land every 
year (Hamscher et al. 2002). Antibiotic concentrations in fertilizer are in the microgram to 
milligram per kilogram range (Christian et al. 2003; Kemper et al. 2008). Fertilizer application 
restrictions already exist to prevent the overland transport of fertilizer based contaminants. For 
example, application may not take place in winter or directly before heavy rain is forecast 
(Landwirtschaftskammer 2012).  
However, it is unclear whether these restrictions are effective against the overland transport 
of antibiotics, which is strongly affected by the following factors:  
x the mass of antibiotic present in soil before transport takes place – influenced by the mass 
of antibiotic in the fertilizer, which changes throughout the year 
x the mass of runoff water and the mass of eroded soil – mainly influenced by the 
magnitude of precipitation, topography and slope protection  
This study consists of three sampling schemes, each focussing on a different influencing 
factor. The aim was to discover if the overland transport of veterinary antibiotics is indeed 
leading to the pollution of German water systems, as suggested by the experiments of Davis et al. 
(2006) and Kay et al. (2005b). Due to the strong sorption of antibiotics to soils, it was speculated 
that greater masses of antibiotics were to be found in sediment (i.e. eroded soil) than in water. 
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3.3  Method and materials 
Water and sediment samples were collected from ditches, streams and rivers in agricultural 
areas of Germany and were analysed for the following veterinary antibiotics: 
sulfachloropyridazine (SCP), sulfadiazine (SDZ), sulfadimethoxine (SDM), sulfaguanidine 
(SGD), sulfamerazine (SMR), sulfamethazine (SMZ), sulfamethoxazole (SMX), 
sulfamethoxypyridazine (SMP), sulfapyridine (SPY), sulfathiazole (STZ), tetracycline (TC), 
chlortetracycline (CTC), oxytetracycline (OTC), doxytetracycline (DTC) and trimethoprim 
(TPM). The tetracycline and sulfonamide groups were selected as they are two of the major 
veterinary antibiotic groups used around the world.  
For example, SMZ was recently identified as a global indicator for the application of 
sulfonamides in livestock farming (Jekel et al. 2015). The antibiotics were extracted with good 
recoveries using a citrate buffer and a mixture of organic solvents (methanol, acetonitrile, 
dichloromethane) then analysed using liquid chromatography tandem mass spectrometry 
(Spielmeyer et al. 2014). The detection limit of these antibiotics ranged from 10 to 75 µg kg-1 for 
solid samples and 10 to 300 ng l-1 for liquid samples. Water samples (40 ml) were taken from the 
surface of streams and rivers and sediment samples (1 g) were collected from the top centimetres 
of the bed or floodplain material. All samples were collected in polyethylene containers, chilled 
during transportation and stored at a temperature of -20°C in the dark before being analysed. 
 (1) Seasonal sampling. The influencing factor under investigation was the time of year. 
13 water samples were collected from a site along the River Agger in North Rhine-Westphalia; 
one every month for 13 months (July 2013 – July 2014). The River Agger (Fig. 3.2.) is a minor 
river and its catchment area consists of largely agricultural land, upon which cow excrement is 
the primary fertilizer used.  
(2) Post-flood sampling. The influencing factor under investigation was the effect of 
heavy rainfall. In June 2013, high rainfall levels caused record-breaking flooding along the major 
River Elbe (Schröter et al. 2014). 25 samples of freshly deposited floodplain sediment were 
collected from five different sites (2a-2e) along the German section of the river (Fig. 3.2.), within 
three days of the water subsiding. Locations 2a (Schmilka) and 2b (Coswig) are either side of 
Dresden, a city of 525000 inhabitants. Locations 2c (Wörlitz) and 2d (Barby) are either side of 
the mouth of the River Mulde, which runs through an area of heavy chemical industry. Location 
2e (Marschacht) is situated about 200 km further downstream at the end of a predominantly 
agricultural area. 
(3) High usage sampling. The influencing factor under investigation was the effect of an 
acknowledged high usage of veterinary antibiotics. According to the Federal Office of Consumer 
Protection and Food Safety (BVL 2013) the greatest mass (500 – 800 tonnes) of veterinary 
antibiotics sold per postal code region across Germany in 2012 was sold to a region in Lower 
Saxony, within which Lake Dümmer is situated. In May 2014, water and sediment samples were 
taken from 17 drainage ditches and small streams within this area (Fig. 3.2.), many of which 
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were directly adjacent to agricultural fields. Pig excrement is the primary fertilizer used in this 
area.  
 
 
3.4 Results 
(1) Seasonal sampling. SMX was detected in all months of the year except October, 
November and January. SPY was detected in July 2013 (Table 3.1). 
(2) Post-flood sampling. At four of the five sampling sites (2a-d), no veterinary antibiotics 
were detected. At the Marschacht site (2e), traces of STZ and SMZ were detected in four and 
two of the samples, respectively (Table 3.1). 
(3) High usage sampling. Trace amounts of TC were detected in the sediment samples 
from four of the 17 locations and in a water sample from a fifth (Table 3.1).  
Fig. 3.2. Sampling scheme locations in Germany: (1) seasonal, (2) post-flood, (3) high usage.
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Table 3.1. Detected concentrations of antibiotics in water [ng l-1] and sediment [µg kg-1] 
samples. 
Scheme Sample Substance Date Antibiotic concentration 
SPY SMX STZ SMZ TC Other* 
1 1 water 07 /13 22 34 - - - - 
1 2 water 08 /13 - 37 - - - - 
1 3 water 09 /13 - 30 - - - - 
1 4 water 10 /13 - - - - - - 
1 5 water 11 /13 - - - - - - 
1 6 water 12 /13 - < 30 - - - - 
1 7 water 01 /14 - - - - - - 
1 8 water 02 /14 - < 30 - - - - 
1 9 water 03 /14 - < 30 - - - - 
1 10 water 04 /14 - < 30 - - - - 
1 11 water 05 /14 - < 30 - - - - 
1 12 water 06 /14 - < 30 - - - - 
1 13 water 07 /14 - < 30 - - - - 
2a 1 - 5 sediment 06 /13 - - - - - - 
2b 1 - 5 sediment 06 /13 - - - - - - 
2c 1 - 5 sediment 06 /13 - - - - - - 
2d 1 - 5 sediment 06 /13 - - - - - - 
2e 1 - 2 sediment 06 /13 - - < 20 < 20 - - 
2e 3 - 4 sediment 06 /13 - - < 20 - - - 
2e 5 sediment 06 /13 - - - - - - 
3 1 water 05 /14 - - - - < 300 - 
3 2 - 17 water 05 /14 - - - - - - 
3 1 sediment 05 /14 - - - - - - 
3 2 - 5 sediment 05 /14 - - - - < 75 - 
3 6 - 17 sediment 05 /14 - - - - - - 
- below limit of detection; * SCP, SDZ, SDM, SGD, SMR, SMP, CTC, OTC, DTC, TPM 
 
3.5 Discussion 
The presence of antibiotics in European water systems has been reconfirmed and their 
presence in German sediment has been proven for the first time. The detection of only trace 
concentrations in a fraction of the analysed water and sediment samples indicates low 
contamination in German water systems overall. SMX was the most frequently detected in all of 
the water samples and STZ and TC were the most frequently detected in the sediment samples. 
This reflects the behaviour of veterinary antibiotics observed in other studies: tetracyclines 
generally exhibit stronger sorption behaviour in soil-water systems than sulfonamides, allowing 
some sulfonamides such as SMX to be more mobile (Hamscher et al. 2005). Antibiotics that sorb 
to particles have also been observed to persist in their original state for longer (Halling-Sørensen 
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et al. 2002) than those which remain in a liquid phase, meaning that antibiotics sorbed to 
sediment may affect the environment for longer than those in water, due to accumulation. 
Seasonal sampling indicates that detected concentrations in water are lower in winter. This 
reflects how the application of fertilizer is prohibited in Germany in the winter 
(Landwirtschaftskammer 2012). Post-flood sampling indicates that following extreme rainfall 
and a consequent flood, antibiotics can be present in floodplain sediment. Detection only 
occurred at one of the five sampling locations: fittingly, this was the location most influenced by 
agricultural land.  
The seasonal and post-flood sampling schemes offer confirmation that antibiotics are 
present in German water systems, but the sources of the antibiotics cannot be guaranteed. 
Although the Rivers Agger and Elbe are undoubtedly influenced by runoff and soil erosion from 
agricultural areas (which may carry veterinary antibiotics), pollution from human wastewater is 
also a possibility. For example, SMX, which was detected in the seasonal sampling scheme, is 
used in both human and veterinary medicine but one of the most frequently administered human 
antibiotics (Pérez et al. 2004). 
However, samples in the high usage sampling scheme were intentionally taken from 
drainage ditches and small streams which run alongside agricultural fields and which are not 
influenced by other antibiotic sources upstream. Indeed, some ditches originated less than 100 m 
from the sampling location. This proves that the tetracycline found in these samples is veterinary, 
that the overland transport of antibiotics is occurring despite fertilizer restrictions and finally, 
that the drugs contaminate water systems. It can be assumed that the mass of veterinary 
antibiotics that are transported overland is generally low across Europe, but may be substantial in 
specific areas, such as the area of high veterinary antibiotic usage within which Lake Dümmer is 
situated, particularly when fields are steep, unprotected and exposed to heavy rainfall. Further 
research into the overland transport of veterinary antibiotics to surface water systems in 
identified areas of high veterinary antibiotic usage is therefore recommended, with a focus on the 
analysis of sediment following high rainfall events. 
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4 The veterinary antibiotic journey: comparing the behaviour of 
sulfadiazine, sulfamethazine, sulfamethoxazole and tetracycline 
in cow excrement and two soils 
 
4.1 Abstract 
To conceptualise the journey that veterinary antibiotics (VAs) follow between the animal stall 
and the field, two experiments were conducted. (1) The VAs sulfadiazine, sulfamethazine, 
sulfamethoxazole and tetracycline were mixed into cow excrement; prepared with three dry solid 
content variations. (2) Cow excrement containing the same VAs was mixed into sandy and 
clayey saturated soils. The aim was to quantify the solid-liquid partitioning and time-dependent 
behaviour of VAs at each stage of the journey, to enable mathematical replication of the process 
in the future. 
  In each case, the mixtures were partitioned into their solid and liquid phases and the VA 
concentration in each was determined using liquid chromatography tandem mass spectrometry. 
Sorption isotherms (ܭௗ values) and elimination constants (݇௦: solid form, ݇௟: liquid form) were 
calculated after various incubation periods.  
 Sulfamethoxazole exhibits fast elimination in excrement; environmental contamination is 
unlikely. Sulfadiazine and sulfamethazine behave similarly in excrement and soils; tetracycline is 
more sorptive. Small percentages of the sulfadiazine, sulfamethazine and tetracycline masses 
initially found in excrement may subsequently be transported to environmental compartments in 
liquid form. However, the majority of these VAs are speculated to accumulate in soil or be 
transported to surface water systems via soil erosion. 
The VA journey has been mathematically conceptualised for the first time and is supported 
by sorption isotherms and eliminations constants for four commonly-detected VAs. Critical 
findings for sulfadiazine, sulfamethazine and tetracycline are: (1) the majority of an initial VA 
mass resides in excrement liquid; (2) following incorporation into soil, the majority of the same 
initial VA mass resides in soil solid; (3) VAs found in soil liquid are assumed to be eliminated 
within a few months; (4) VAs found in soil solid are assumed to persist and accumulate; (5) VAs 
are most likely to be transported to surface water systems in solid form (via soil erosion). Due to 
its rapid elimination in excrement, sulfamethoxazole that stems from veterinary medicine is not 
assumed to be a major environmental contaminant. 
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4.2 Introduction 
4.2.1 Background 
A significant percentage (30 – 90%) of veterinary antibiotics administered to livestock are 
subsequently found in livestock excrement (Christian et al., 2003; Hamscher et al., 2002; 
Kemper et al., 2008; Sarmah et al., 2006; Winckler and Grafe, 2001). As livestock excrement is 
used as fertilizer, veterinary antibiotics (VAs) are indirectly applied to agricultural fields. 
Precipitation causes VAs to be transported from the fields to other environmental compartments, 
namely groundwater via percolation (Hamscher et al., 2005) surface water via overland transport 
(Bailey et al., 2015), and plants via transpiration (Boxall et al. 2006). VA contamination can 
cause microorganisms within these environmental compartments to become resistant to 
antibiotics, potentially inducing adverse effects on ecosystems and humans (Martinez, 2009). 
 The presence of VAs in fertilizers and soils has been reported in many publications 
around the world (Boxall et al., 2004; Christian et al., 2003; Hamscher et al., 2005; Höper et al., 
2002; Hu et al., 2010; Jacobsen and Halling-Sørensen, 2006; Kaprac et al., 2005; Karcı and 
Balcıo÷lu, 2009; Martínez-Carballo et al., 2007; Spielmeyer et al., 2015; Winckler et al., 2003; 
Zhao et al., 2010). VAs are generally detected in the mg kg-1 range in fertilizers and the ʅg kg-1 
range in soils. Open questions remain as to how VAs are transported from soils to other 
environmental compartments and the associated risks. To predict the severity of VA transport 
from fields within a study area (which will not be discussed in this chapter), it is necessary to 
calculate the masses of VAs which are present on a field (and hence potentially transportable) at 
a given time after fertilizer application. To do so, it is critical to first understand how VAs are 
transferred from fertilizers to soils and how VA concentrations in both host materials vary with 
time.  
 The mobility of VAs within the environment strongly depends on their physical form, 
either solid form (if sorbed to soil particles) or liquid form (if dissolved in water). VAs are 
generally considered in published literature to only be mobile in liquid form. However, Davis et 
al. (2006) suggest that VAs can be transported in solid form via soil erosion. As only the top 
millimetres of a field are susceptible to erosion, the masses of VA that are transported in solid 
form are assumed to be low, but may nonetheless have been previously underestimated. 
4.2.2 Current understanding of VA behaviour 
Many studies have examined the behaviour of VAs in fertilizers or soils (Boxall et al., 2002; 
Dolliver et al., 2008; Gavalchin and Katz, 1994; Gong et al., 2012; Hamscher et al., 2005; 
Ingerslev et al., 2001; Jagnow, 1977; Kaprac et al., 2005; Langhammer and Büning-Pfaue, 1989; 
Loke et al., 2002; Rabølle and Spliid, 2000; Rumsey et al., 1977; Spielmeyer et al., 2015; Thiele 
et al., 2002; Tolls et al., 2002; van Gool, 1993; Winckler and Grafe, 2001). The two most 
frequently discussed behavioural phenomena are the solid-liquid partitioning of VAs in a host 
material (dictated by a sorption isotherm, ܭௗ  [-]) and the degradation (chemical or physical 
 61 
alteration) of a VA in a host material (dictated by a decay constant, ݇ [days-1]). Neither process 
has been systematically analysed in published literature. 
 There is evidence to suggest that the sorption of VAs to the host material solid mass 
increases with time following a pseudo-second order equation (Chatterjee et al., 2014). However, 
it is difficult to observe the effects of both long-term sorption and degradation under test 
conditions as both may temporally alter the detectable VA mass. In this chapter, the reduction of 
a VA mass with time is referred to as elimination; elimination of a substance may include 
(complete) degradation but also sorption processes of the intact molecule. The term degradation 
should only be used when transformation or degradation products have been structurally 
identified, which was not the case in this study. 
 However, VA sorption has only recently been studied as a time-dependent process; 
sorption isotherms, ܭௗ , are generally given in published literature to express VA solid-liquid 
partitioning at one given time point. The long-term fate of VAs in any host material is therefore 
poorly understood.  
 ܭௗ values and ݇ values are also irregularly presented between different publications; they 
are available for many different VAs, but each is only valid for the host material for which it was 
calculated. The range of presented host materials (fertilizers and soils) and the different 
properties of each host material (pH, sand and clay content, organic content, water content) is 
vast. This makes the comparison of reported ܭௗ and ݇ values for different VAs difficult. 
 Furthermore, ܭௗ values indicate that VAs are present in a host material both attached to 
solid particles and in liquid form. Yet no published studies exist which examine the 
concentrations of VAs in pore liquid (from where they are presumably most readily transported). 
Similarly, fertilizer also consists of a solid-liquid mixture, yet no study exists which compares 
the concentrations of VAs in both parts and provides resultant ܭௗ  values. Ultimately, not enough 
information is available to mathematically track the fate of VAs from fertilizer to soils and 
eventually to other environmental compartments: the mechanics of the contaminant transfer have 
not yet been satisfactorily conceptualised. 
4.2.3 Proposed conceptualisation of VA behaviour 
When fertilizer is ploughed into soil, the fertilizer solids and liquids (and the VAs therein) 
become mixed with the solids and liquids on the field. This potentially affects the state (solid or 
liquid) in which the VAs are present; they may sorb from fertilizer liquids to soil solids or desorb 
from fertilizer solids into soil liquids. These mechanisms have not been discussed in published 
literature.  
 It is also likely that elimination rates of VAs present in solid and liquid form (in both 
fertilizer and soil) differ, resulting in two different decay constants, namely ݇௦ [days-1] and ݇௟ 
[days-1]. This may significantly affect the state (solid or liquid) in which VAs are found on the 
field and the state in which they are potentially transported to other environmental 
compartments. Again, this has not been discussed in published literature; ݇ values are only given 
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for VAs in solid-liquid mixtures. The concept of considering VAs in separate states (solid or 
liquid) is novel, yet we consider it to be a conceptually necessary method for tracking the VA 
journey (Fig. 4.1).  
 
 
 Given the current significant data gaps and patchiness of the available behavioural 
constants, it is very difficult to map the journey that VAs take between their excretion from 
animals and their application to agricultural fields, consequently making it difficult to predict the 
VA masses that are transported away from soil to other environmental compartments. Without 
fully understanding this journey, correct measures to mitigate the further transport of VAs cannot 
be developed. For example, by altering fertilizer solid content, can the overall VA elimination 
rate be increased? Should fertilizers consequently be stored for a minimum amount of time 
before being applied to fields in order to reduce the VA mass that is applied to soil? Should 
fertilizers be applied to a field a minimum number of days before a rainstorm in order to reduce 
the presence of (potentially transportable) VAs in liquid form in the soil? 
4.2.4 Approach 
To answer such questions and to help provide practical recommendations for reducing VA 
spread, experiments have been performed in which the solid-liquid partitioning and the 
elimination of VAs are observed throughout their transfer from fertilizer to soil (according to 
Fig. 4.1). The aim was to quantify the time-dependent solid-liquid partitioning of VAs before 
and after excrement containing VAs was applied to soil. This allows the effects of sorption, 
desorption and elimination to be observed and a comprehensive set of ܭௗ, ݇௦, and ݇௟ values to be 
obtained, with which the journey of a VA can be mathematically modelled in the future. 
Fig. 4.1. The veterinary antibiotic journey: conceptualisation. 
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Four VAs were selected: sulfadiazine (SDZ), sulfamethazine (SMZ), sulfamethoxazole (SMX) 
and tetracycline (TC) (Fig. 4.2). TC belongs to the tetracycline group, members of which are 
acknowledged to sorb strongly to soil particles (reducing their mobility in liquid form); SDZ, 
SMZ and SMX belong to the sulfonamide group, members of which are acknowledged to be 
more mobile in liquid form.  
 
 
Sulfadiazine  
(SDZ)  
C10H10N4O2S  
 
Sulfamethazine  
(SMZ)  
C12H14N4O2S 
Sulfamethoxazole  
(SMX)  
C10H11N3O3S  
 
Tetracycline  
(TC)  
C22H24N2O8 
 
Fig. 4.2. Chemical structures of sulfadiazine (SDZ), sulfamethazine (SMZ), sulfamethoxazole 
(SMX) and tetracycline (TC). 
 
 SDZ, SMZ and TC were chosen as they have frequently been detected in fertilizers, soils 
and further environmental compartments (Christian et al., 2003; Hamscher et al., 2005; Hu et al., 
2010; Karcı and Balcıo÷lu, 2009; Kim and Carlson, 2007; Kolpin et al., 2002; Li et al., 2012; 
Spielmeyer et al., 2014; Zhao et al., 2010); SMZ was recently identified as a global indicator of 
sulfonamides in livestock farming (Jekel et al., 2015). TC is of particular interest as it was 
recently detected in both water and sediment in agricultural ditches, offering strong evidence of 
overland transport from contaminated fields (Bailey et al., 2015). SMX was chosen as it is 
infrequently detected in fertilizer, but regularly detected in surface water systems (Bailey et al., 
2015, Kim and Carlson, 2007); this could be due to its common use in human medicine (Pérez et 
al. 2004). It has been investigated in this case to determine its likelihood of being transported to 
further environmental compartments (such as surface water systems) from agricultural fields. 
 Two experiments were performed in order to follow the journey of an initial mass of the 
chosen VAs. The first experiment examined the solid-liquid partitioning of the VAs in 
excrement. Three variations of cow excrement were used, which exhibited either a 5%, 10% or 
15% dry solid content. The second experiment examined the solid-liquid partitioning of VAs in 
saturated soil. The excrement from the first experiment, which contained VAs, was added to two 
different soil types: one with a high sand content and one with a high clay content. The soils 
were saturated in order to create a worst-case scenario of VA mobility on a field. The effect of 
time was considered in both experiments. 
 64 
4.3 Method and Materials 
4.3.1 Cow excrement experiment 
Firstly, the solid-liquid partitioning and the elimination of the chosen VAs in fertilizer were 
examined. Antibiotic-free cow excrement with a pH of 7.96 was obtained from a dairy cow farm 
in North-Rhine Westphalia, Germany, in May 2014. The excrement was centrifuged at 2000 g to 
separate the solid and liquid phases.  
 Excrement solid (0.5 g, henceforth termed the “dry solid” weight) was weighed into three 
separate 15 mL polypropylene centrifuge tubes. A defined mass of excrement liquid was added 
(2.83 g, 4.5 g and 9.5 g, respectively) to obtain a dry solid content of 15%, 10% and 5%, 
respectively, emanating the realistic solid-liquid ratios found in animal excrement (Insam et al. 
2015). All tubes were then stored for two weeks at 23 °C in the dark to allow interaction between 
the solid and the liquid phase. 
 A stock solution was prepared containing SDZ, SMZ, SMX and TC, with a concentration 
of 10 mg of each antibiotic per litre stock solution (methanol/water 1:1, v/v). The excrement 
mixtures were then fortified with this stock solution, which resulted in a concentration of 10 mg 
antibiotic per kilogram excrement mixture. Immediately afterward, the mixtures were vortexed 
and incubated for 1 hour, 1 day, 3 days, 7 days, 14 days and 28 days at 23 °C in the dark. All 
experiments were performed in triplicate. 
 After incubation, the mixtures were centrifuged for 2 minutes at 1480 g, in order to split 
the excrement into its solid and liquid parts again and enable the measurement of the antibiotic 
concentrations in each part. However, during incubation, the weight of the excrement solids had 
increased due to their absorption of some of the excrement liquid. It was subsequently not 
possible to accurately re-separate the excrement solid and liquid parts during centrifugation. The 
weights of the solid phases after incubation and centrifugation (henceforth termed the “wet 
solid” weights) were 1.3 g for the 5% dry solid content variation, and 1.15 g for the 10% and 
15% dry solid content variations, respectively. In order to measure the antibiotic concentrations 
in the excrement solid and liquid parts, 1 g of supernatant (excrement liquid) was transferred into 
a 15 mL polypropylene centrifuge tube. The remaining supernatant was discarded and the solid 
residue (“wet solid”) was used for analysis of the excrement solid phase. Both the liquid and the 
solid phases were analysed using liquid-liquid extraction and liquid chromatography tandem 
mass spectrometry as described in detail by Spielmeyer et al. (2014). For quantification, a matrix 
standard consisting of the respective liquid phase or solid phase of the excrement utilized in this 
study was prepared with an antibiotic content of 10 mg antibiotic per kg excrement matrix.  
4.3.2 Soil experiment 
To examine the soil-liquid partitioning of VAs in saturated soil, cow excrement was firstly 
fortified with SDZ, SMZ, SMX and TC as described above (reaching a final concentration of 
10 mg antibiotic per kg excrement mixture), then stored for seven days at 4°C in the dark. In the 
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meantime, two antibiotic-free soils were acquired from different locations (Kaldenkirchen and 
Merzenhausen) in North-Rhine Westphalia, Germany. Soil One (sandy soil) consisted of 74.3% 
sand, 22.3% silt and 3.4% clay, had a pH of 5.44 and a density of 1435 kg m-3. Soil Two (clayey 
soil) consisted of 6.4% sand, 78.2% silt and 15.4% clay, had a pH of 7.2 and a density of 
1570 kg m-3. The soils were cleansed of stones and roots and stored at 4°C in the dark until use.  
 The following procedure was conducted three times for both soil types. Soil (500 g) was 
weighed into a polypropylene container. VA-fortified excrement (10 g) was added to the soil. 
This represents the fertilizer-soil ratio that is typically created by farmers who apply 45 m3 
fertilizer per hectare field (Hamscher et al. 2002). Rainwater (150 ml) with a pH value of 7.47 
(collected in June 2015 in Aachen, Germany, and stored at 4°C in the dark until use) was added 
to the container. The mixture was stirred for 5 minutes in an effort to completely saturate the soil 
and achieve a thorough distribution of the VAs throughout the soil mass, emanating the effect of 
ploughing contaminated fertilizer into a field. Fields are generally not saturated when ploughing 
occurs but this method was chosen to represent a worst case scenario; one which would promote 
VA mobility. Immediately afterwards, the containers were incubated for 1 hour, 1 day, 3 days, 
7 days, 14 days and 28 days at 15°C in the dark. For the latter four incubation times, natural 
separation of the solid and liquid phases occurred due to sedimentation. Soil samples that were 
incubated for 1 hour and 1 day did not rest for long enough before centrifugation to experience 
natural separation, resulting in a thick, mud-like mixture. 
 Immediately after the incubation time, excess liquid was poured off the soil and 
centrifuged for 10 minutes at 3000 g, to force the separation of suspended solid particles from 
the liquid phase. The supernatant was collected in a polyethylene tube. The soil was also 
centrifuged for 10 minutes at 3000 g and the small extracted liquid phase was added to the 
previously collected supernatant. The total supernatant was used for the analysis of the antibiotic 
content of the liquid phase and the solid residue was used for the analysis of the antibiotic 
content of the solid phase according to the procedures described in the following sections. Soil 
samples that were incubated for 1 hour and 1 day could not be successfully separated into solid 
and liquid phases during centrifugation, so results from these incubation times have not been 
included in the results section. 
4.3.3 Preparation of soil liquid phase samples 
30 ml of the supernatant (liquid phase samples) was transferred into a 50 ml test glass and 300 µl 
sodium acetate (1 M, pH 6) and 300 µl EDTA (0.5 M, pH 7) were added. Isotopically labelled 
internal standards [13C6] of SDZ, SMZ and SMX were added to act as tracers during analysis, 
with final concentrations of 2 µg l-1. A matrix blank was prepared to check for potential carry 
over or impurities of chemicals used. For quantification, two matrix standards were prepared 
according to the protocol described below, with final analyte concentrations of 10 µg l-1 and 
200 µg l-1, respectively. Analyte free lysimeter water was used as a matrix. The sample was 
concentrated via solid phase extraction (SPE) using the automated Gilson GX-271 ASPECTM 
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system (Gilson, Limburg-Offheim, Germany). The SPE cartridge (Chromabond® HR-X, 
200 mg, 3 ml, Macherey-Nagel, Düren, Germany) was conditioned using 3 ml methanol + 0.1% 
formic acid, methanol and 0.01 M sodium acetate, respectively.  
 After the sample application, 10 ml air were pressed through the column to remove 
excess water. Elution was performed twice with 1 ml methanol + 0.1% formic acid and twice 
with 1 ml methanol. The eluate was reduced to dryness using a rotary evaporator and the residue 
was reconstituted twice with 100 µl methanol/water (1:1, v/v). Samples were stored in 1.5 ml 
reaction tubes at -20°C in the dark before analysis. Analysis of sample extracts was performed 
using liquid chromatography tandem mass spectrometry according to Spielmeyer et al. (2014). 
Mass spectrometry parameters were adapted to the analysis of SDZ, SMZ, SMX and TC and the 
respective internal standards. 
4.3.4 Preparation of soil solid phase samples 
0.5 g of the solid phase samples were transferred into a 15 ml polypropylene centrifuge tube. 
Isotopically labelled internal standards [13C6] of SDZ, SMZ and SMX were added to act as 
tracers during analysis, with final concentrations of 1 mg kg-1. Matrix blank samples and matrix 
standards for both soil types were prepared. For quantification, matrix standards were prepared 
with final analyte contents of 200 µg kg-1. Samples were incubated for 7 days at -20°C in the 
dark to allow the internal standards to interact with the matrix.  
 After incubation, 2.4 ml citrate buffer (1 M with 0.05 M EDTA, pH 4.7) were added and 
the sample was vigorously vortexed for 1 minute. For extraction, 5 ml methanol/ acetonitrile/ 
dichloromethane (1:3:1, v/v/v) were added and the sample was vortexed for 1 minute. The 
extraction was performed on a horizontal shaker for 24 hours at room temperature in the dark. 
The sample was centrifuged for 2 min at 1480 g and the organic phase was transferred into a 
15 ml polypropylene centrifuge tube. The extract was stored at 4°C in the dark.  
 The residue was resuspended with another 5 ml of the extraction solvent. A second 
extraction was performed for 24 hours using the horizontal shaker. The sample was centrifuged 
for 2 min at 1480 g and the organic phase was combined with the first extract. The extract was 
reduced to 150 µl using a rotary evaporator. The residue was reconstituted three times, each time 
in 150 µl methanol/water (1:1, v/v). Samples were stored in 1.5 ml reaction tubes at -20°C before 
analysis. Analysis of sample extracts was performed using liquid chromatography tandem mass 
spectrometry according to Spielmeyer et al. (2014). Mass spectrometry parameters were adapted 
to the analysis of SDZ, SMZ, SMX and TC and the respective internal standards. 
 
4.3.5 Methods of result interpretation  
Following mass spectrometry analysis, concentrations of each VA in the solid and liquid phases 
of each material were found. However, considering concentrations does not effectively illustrate 
how an initial mass of VA (that exits the animal) is split between the solid and liquid phases of 
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first the excrement and then the soil. For example, VAs in fertilizers (animal excrement or biogas 
digestate) are typically detected in the mg kg-1 range, whilst VAs in soils are typically detected in 
the µg kg-1 range. The concentration difference is misleading as it indicates that fertilizer are 
more contaminated than soils. In reality it can be attributed to the dispersion of VAs throughout 
the plough layer; the mass of VAs that was densely concentrated in a small volume of fertilizer is 
now less densely concentrated throughout a larger volume of soil.  
 The findings of the antibiotic analysis are therefore presented in percentage form in the 
results section, by considering the absolute masses of each VA in both the solid and liquid 
phases after they were partitioned and expressing them as a percentage of the initial mass of VA 
that was originally applied during the experiment (Eq. 1 & 2). By considering the percentage 
change in solid-liquid partitioning between excrement and soil, it will be possible to establish 
whether sorption or desorption occurs during the process of applying excrement to fields.  
 
௦ܲ ൌ
ெೞ
ெబ
 ή ͳͲଶ (1) 
௟ܲ ൌ
ெ೗
ெబ
ή ͳͲଶ (2) 
 
where ௦ܲ [%] = percentage of VA in wet solid phase; ௟ܲ [%] = percentage of VA in liquid phase; 
ܯ௦ [kg] = mass of VA in wet solid phase; ܯ௟ [kg] = mass of VA in liquid phase; ܯ଴ [kg] = 
initial mass of VA. 
 The ܭௗ  values for each VA have also been calculated. The ܭௗ  value, or sorption isotherm, 
linearly describes the partitioning of VAs between the solid and liquid parts of a host material 
(Eq. 3, Gong et al. 2012; Tolls, 2001). A ܭௗ  value of 1 indicates an equal concentration of VA in 
the solid and the liquid phases of a substance. A ܭௗ  value less than 1 indicates a greater VA 
concentration in the liquid phase. A ܭௗ  value greater than 1 indicates a greater VA concentration 
in the solid phase. Determining ܭௗ  values is necessary in order to predict the masses of VAs 
which are mobile (transportable by surface runoff water) at any stage of the VA journey. 
 
ܭௗ ൌ
஼ೞ
஼೗
 (3) 
 
where ܭௗ  [-] = sorption isotherm; ܥ௦ [kg kg-1] = VA content in wet solid phase; ܥ௟ [kg kg-1] = 
VA content in liquid phase (per kilogram liquid). 
 Where applicable, the time-dependent elimination constants, ݇௦  and ݇௟ , have been 
calculated using the exponential decay equation (Eq. 4 & 5, Blume et al. 2010). These constants 
describe the rate at which the detection of a VA in a substance decreases over time in the solid or 
liquid phase of a material. A decrease in VA detection may be due to long-term sorption or 
degradation. Determining elimination constants is necessary in order to perform long-term 
predictions of VA accumulation in a given material. 
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ܥ௦ǡ௧ ൌ ܥ௦ǡ଴ ή ݁ି௞ೞή௧ (4) 
ܥ௟ǡ௧ ൌ ܥ௟ǡ଴ ή ݁ି௞೗ή௧ (5) 
 
where ݐ [days] = time; ܥ௦ǡ௧ [kg kg-1] = VA content in wet solid phase at any given time, t; ܥ௟ǡ௧ [kg 
kg-1] = VA content in liquid phase at any given time, t; ܥ௦ǡ଴ [kg kg-1] = initial VA content in wet 
solid phase; ܥ௟ǡ଴ [kg kg-1] = initial VA content in liquid phase; ݇௦  [days-1] = elimination constant 
in wet solid; ݇௟ [days-1] = elimination constant in liquid. 
4.4 Results 
All results shown (Fig. 4.3 and Fig. 4.4, Table 4.1 and Table 4.2) are the mean of the three 
identical tests that were repeated for each experiment variation at each time point.  
4.4.1 Cow excrement results 
Generally, the cow excrement results show that for all VAs, the percentage of mass found in the 
excrement liquid was greater than the percentage found in the excrement solid, regardless of 
solid content (Fig. 4.3, Table 4.1). SDZ, SMZ and TC persist in cow excrement for at least 28 
days (݇௦,݇௟ = 0), whereas SMX is eliminated within 28 days (݇௦,݇௟ > 0). SDZ, SMZ and SMX 
have a ܭௗ value of around 1, meaning that the VAs are evenly partitioned between the solid and 
the liquid phases, regardless of the solid content, and without apparent time dependency. The ܭௗ 
value for TC is greater and is time dependent, ranging from around 3 for incubation times of 1 
hour to between 4 and 6 for longer incubation times. 
 Due to high total VA recovery rates and resultant clarity, the fate of VAs in excrement 
can now be understood. The SDZ and SMZ results are very similar. The approximate solid-liquid 
division of SDZ is 10-90%, 20-80% and 35-65% and of SMZ is 10-90%, 30-70% and 40-60% 
for the dry solid content variations of 5%, 10% and 15%, respectively. This shows that the 
percentage of VA in the solid mass rises as the solid content rises; when there is a greater 
percentage solid mass, then a greater percentage of the total VA mass is found in it. The VA 
partitioning of SDZ and SMZ is fairly constant with time. 
 SMX behaves similarly to SDZ and SMZ with regard to the influence of solid content. 
However, the detectable amount of SMX exhibits strong time dependence; after 28 days it was 
no longer detectable in either the solid or the liquid phase. The decay constants for SMX in the 
solid phase, ݇௦, and in the liquid phase, ݇௟, were calculated to be 0.13, 0.16 and 0.18 days-1 for 
excrement mixtures with a dry solid content of 5%, 10% and 15%, respectively. 
 TC also displayed a total recovery rate of approximately 100% (total percentages of TC 
that were found to be greater than 100% are due to high variations in the extraction of TC from 
solid matrices). The percentages of TC found in the solid phase are greater than those of the 
sulfonamides and they increase from an average of approximately 40% to an average of 80% as 
the excrement solid content increases from 5% to 15%.  
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Fig. 4.3. Percentile solid-liquid partitioning of sulfadiazine (SDZ: 2a-c), sulfamethazine (SMZ: 
2e-g), sulfamethoxazole (SMX: 2i-k) and tetracycline (TC: 2m-o) in cow excrement, with 
corresponding elimination constants (ୱ and ୪ [days-1]) and sorption coefficients (ୢ values: 
2d, h, l, and p, respectively). d.s.c. = dry solid content. 
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Table 4.1. Elimination constants (݇௟, ݇௦), sorption coefficients (ܭௗ) and percentile solid-liquid 
partitioning of sulfadiazine (SDZ), sulfamethazine (SMZ), sulfamethoxazole (SMX) and 
tetracycline (TC) in cow excrement. d.s.c. = dry solid content 
 
Veterinary 
antibiotic 
d.s.c 
[%] 
Elimination 
constants 
[days-1] 
Recovered 
values 
[%] 
Incubation time [days] 
0.04 1 3 7 14 28 
SDZ 
 
5 
 
݇௦= 0 in wet solid 11.04 11.18 11.00 12.23 13.04 11.81 
݇௟= 0 in liquid 96.01 93.46 93.27 91.51 93.96 93.00 
 total 107.05 104.64 104.27 103.75 107.00 104.80 
 ܭௗ  value [-] 0.86 0.89 0.88 1.00 1.04 0.95 
        
10 ݇௦= 0 in wet solid 28.21 12.20 12.22 12.12 12.78 11.40 
݇௟= 0 in liquid 79.09 80.03 77.34 76.75 79.67 77.69 
 total 107.30 92.23 89.56 88.87 92.44 89.08 
 ܭௗ  value [-] 1.16 0.99 1.02 1.02 1.04 0.95 
        
15 ݇௦= 0 in wet solid 32.69 33.11 32.10 34.27 36.75 29.99 
݇௟= 0 in liquid 67.01 64.04 62.59 59.18 65.92 62.31 
 total 99.70 97.16 94.70 93.45 102.66 92.30 
 ܭௗ  value [-] 0.89 0.94 0.94 1.06 1.02 0.88 
SMZ 
 
5 ݇௦= 0 in wet solid 13.36 13.12 14.07 14.92 15.05 14.52 
݇௟= 0 in liquid 91.84 87.20 86.11 87.86 87.42 84.81 
 total 105.21 100.32 100.18 102.78 102.46 99.33 
 ܭௗ  value [-] 1.09 1.13 1.22 1.27 1.29 1.28 
        
10 ݇௦= 0 in wet solid 32.27 28.06 29.08 28.77 29.51 26.70 
݇௟= 0 in liquid 72.74 72.60 68.45 70.55 68.99 65.66 
 total 105.00 100.67 97.53 99.32 98.50 92.35 
 ܭௗ  value [-] 1.44 1.25 1.38 1.32 1.39 1.32 
        
15 ݇௦= 0 in wet solid 37.46 37.67 37.16 39.15 39.59 32.94 
݇௟= 0 in liquid 60.75 56.92 53.32 53.00 55.72 47.95 
 total 98.22 94.60 90.49 92.14 95.31 80.90 
 ܭௗ  value [-] 1.13 1.21 1.27 1.35 1.30 1.25 
SMX 
 
5 ݇௦= 0.13 in wet solid 11.27 9.70 7.68 5.62 2.41 0.33 
݇௟= 0.13 in liquid 94.99 81.95 64.72 44.99 18.63 2.69 
 total 106.27 91.65 72.40 50.60 21.04 3.02 
 ܭௗ  value [-] 0.89 0.89 0.89 0.93 0.97 0.91 
        
10 ݇௦= 0.16 in wet solid 28.60 21.50 16.40 8.80 3.06 0.30 
݇௟= 0.16 in liquid 78.18 69.55 51.76 30.66 9.97 1.00 
 total 106.78 91.05 68.16 39.45 13.03 1.29 
 ܭௗ  value [-] 1.18 1.00 1.03 0.93 0.99 0.97 
        
15 ݇௦= 0.18 in wet solid 34.16 28.86 20.19 10.43 3.25 0.21 
݇௟= 0.18 in liquid 66.54 55.24 38.97 19.60 6.06 0.41 
 total 100.69 84.10 59.16 30.02 9.32 0.62 
 ܭௗ  value [-] 0.94 0.95 0.95 0.97 0.98 0.91 
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Table 4.1 continued       
TC 
 
5 ݇௦= 0 in wet solid 29.35 27.39 32.49 34,37 37.35 46.57 
݇௟= 0 in liquid 75.71 72.23 66.07 60,72 63.16 82.40 
 total 105.06 99.62 98.56 95,10 100.51 128.97 
 ܭௗ  value [-] 2.90 2.84 3.68 4.23 4.42 4.22 
        
10 ݇௦= 0 in wet solid 58.64 47.52 52.51 62,74 62.16 80.36 
݇௟= 0 in liquid 48.69 51.21 43.32 35,42 38.56 49.41 
 total 107.33 98.73 95.83 98,16 100.71 129.77 
 ܭௗ  value [-] 3.90 3.00 3.92 5,735 5.22 5.27 
        
15 ݇௦= 0 in wet solid 66.66 60.94 63.84 72,58 74.93 80.97 
݇௟= 0 in liquid 37.05 33.95 27.02 24,30 30.37 25.98 
 total 103.72 94.90 90.85 96,88 105.31 106.95 
 ܭௗ  value [-] 3.28 3.28 4.31 5,45 4.50 5.69 
4.4.2 Soil results 
Generally, the soil results show that for all VAs, the percentage of mass found in the soil liquid 
was smaller than the percentage found in the soil solid, regardless of soil type (Fig. 4.4, Table 
4.2). Between 0 and 10% was detected in the soil liquid in all cases; for TC this value was 
particularly low (less than 0.8%). However, the total recovery rate for sulfonamides in soil was 
low. A total percentage maximum of 40% was detected in sandy soil, 30% was detected in 
clayey soil. Recovery of TC was instable, so more difficult to interpret reliably, but overall 
greater masses were recovered: between approximately 70 and 100% in sandy soil and 70 and 
120% in clayey soil. 
 SDZ, SMZ, SMX and TC all exhibited some elimination between day 3 and day 28 in the 
liquid form of both soil types (݇௟ > 0). The elimination constants for VAs in liquid form, ݇௟, were 
calculated as 0.06, 0.08, 0.06, 0.07 days-1 in sandy soil and 0.04, 0.05, 0.04, 0.01 days-1 in clayey 
soil for SDZ, SMZ, SMX and TC, respectively. In sandy soil solid, SMX elimination was also 
observed (݇௦ was calculated as 0.01 days-1 between day 3 and day 28), but no elimination in the 
soil solid form was observed for any other VA in either soil type (݇௦ = 0). The percentage of TC 
recovered in the solid phase increased between day 3 and day 28, in both soil types.  
 The ܭௗ  values of all four VAs increased with time. ܭௗ  values for SDZ, SMZ and SMX in 
both soils ranged from 0.5 to 2.5, 1 to 5 and 0.4 to 1.4, respectively. TC had considerably higher 
ܭௗ  values, ranging from 200 to 1500 in sandy soil and from 1300 to 2750 in clayey soil. SDZ 
and SMX exhibited greater ܭௗ  values in sandy soil whereas SMZ and TC generally exhibited 
greater ܭௗ  values in clayey soil. 
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4.4.3 Speculated soil results 
The true fate of VAs in soil must be speculated upon as such low total percentages (significantly 
less than 100%) of SDZ, SMZ and SMX were recovered from the saturated soils and total 
percentages of TC increased with time. This was attributed to the very strong bonding of 
sulfonamides to the soil matrices; a large percentage of an initial sulfonamide mass could not be 
desorbed from a soil matrices due to the gentle extraction techniques used in this study 
(Hamscher et al., 2005). In contrast, a published study which used harsh extraction conditions 
found almost complete extraction of SDZ and its metabolites from soil (Rosendahl et al. 2011). 
Extraction difficulties may occur because sulfonamides are synthetic VAs in contrast to 
tetracyclines which are naturally occurring. It is in the reproductive interest of naturally 
occurring compounds to remain mobile in the environment. For this reason it is possible that 
previous studies have underestimated the concentrations of VAs in soil and sediments (Tolls, 
2001), because the full amount is not easily extracted during analysis. 
 In the case of TC, we speculate that the increase in the total detected percentage with 
time is due to the different time periods for which samples were stored between partitioning and 
chemical analysis. As a total TC percentage of approximately 100% or more was found in both 
soils after 28 days, we speculate that approximately 100% was present at all incubation times but 
became so tightly bound to the soil solid particles from earlier incubation times that it could no 
longer be extracted. To explore the effects of these predictions, the soil solid results of all four 
VAs were artificially increased so that the majority of the applied VA mass (80 – 100%) was 
assumed to be in the soil solid (Fig. 4.4, Table 4.2).  
 We speculate that these assumed results reflect the reality of VA behaviour in soil. Soil 
solid results for all VAs were adjusted to give a total recovered percentage of 100% at day 3; 
results for all latter incubation times were calculated accordingly. This affected the elimination 
constant for SMX in sandy soil solid, ݇௦ (recalculated as 0.004 days-1). The liquid phase results 
were not altered (݇௟ were consequently also not altered). ܭௗ  values were recalculated based on 
the speculated soil solid results. ܭௗ  values of the sulfonamides increased by a factor of 
approximately 3 in sandy soil and 5 in clayey soil; ܭௗ  values of TC were not altered 
significantly. 
4.5 Discussion 
4.5.1 Cow excrement experiment 
This is the first time that the division of VAs between the solid and liquid parts of a fertilizer (in 
this case cow excrement) has been observed. The crucial finding is that SDZ, SMZ and TC 
persisted in both solid and liquid forms throughout the 28 day period; no elimination was 
apparent. Conversely, SMX was eliminated completely within 28 days. This finding shows that 
SDZ, SMZ and TC are likely to be introduced to fields via fertilizer application (potentially 
leading to further environmental pollution) whereas SMX is not.   
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Fig. 4.4. Percentile solid-liquid partitioning of sulfadiazine (SDZ: 2a-b), sulfamethazine (SMZ: 
2d-e), sulfamethoxazole (SMX: 2g-h) and tetracycline (TC: 2j-k) in sandy and clayey soil, with 
corresponding elimination constants (ୱ and ୪ [days-1]) and sorption coefficients (ୢ values: 2c, 
f, i, and l, respectively). * = speculated values 
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Table 4.2. Elimination constants (ୱ, ୪), sorption coefficients (ୢ) and percentile solid-liquid 
partitioning of sulfadiazine (SDZ), sulfamethazine (SMZ), sulfamethoxazole (SMX) and 
tetracycline (TC) in soil. Shaded areas = speculated values 
 
Veterinary 
antibiotic 
Soil  
type 
Elimination 
constants 
[days-1] 
Recovered 
values 
[%] 
Incubation time [days] 
3 7 14 28 
SDZ Sand 
 
݇௟= 0.06 in liquid 10.45 7.85 5.18 2.35 
݇௦= 0 in wet solid 30.25 31.83 30.26 30.96 
 total 40.71 39.69 35.44 33.31 
 ܭௗ  value [-] 0.52 0.73 1.05 2.37 
݇௦= 0 in wet solid 89.55 91.13 89.55 90.25 
 total 100.00 98.98 94.74 92.60 
 ܭௗ  value [-] 1.54 2.08 3.10 6.90 
       
Clay ݇௟= 0.04 in liquid 6.71 5.07 3.63 2.21 
݇௦= 0 in wet solid 18.14 23.37 20.31 19.17 
 total 24.84 28.44 23.95 21.37 
 ܭௗ  value [-] 0.49 0.83 1.00 1.56 
݇௦= 0 in wet solid 93.29 98.53 95.47 94.33 
 total 100.00 103.60 99.10 96.53 
 ܭௗ  value [-] 2.50 3.49 4.71 7.67 
SMZ Sand ݇௟= 0.08 in liquid 7.23 4.50 2.69 1.10 
݇௦= 0 in wet solid 31.39 29.33 30.53 30.00 
 total 38.62 33.83 33.22 31.10 
 ܭௗ  value [-] 0.78 1.17 2.03 4.88 
݇௦= 0 in wet solid 92.77 90.71 91.91 91.38 
 total 100.00 95.21 94.60 92.48 
 ܭௗ  value [-] 2.30 3.62 6.12 14.86 
       
Clay ݇௟= 0.05 in liquid 3.58 2.30 1.55 0.93 
݇௦= 0 in wet solid 23.23 28.66 25.94 21.76 
 total 26.81 30.96 27.50 22.69 
 ܭௗ  value [-] 1.17 2.24 3.00 4.18 
݇௦= 0 in wet solid 96.42 101.85 99.13 94.94 
 total 100.00 104.15 100.68 95.88 
 ܭௗ  value [-] 4.84 7.94 11.45 18.25 
SMX Sand ݇௟= 0.06 in liquid 11.53 9.30 6.40 2.71 
݇௦= 0.01 in wet solid 29.38 27.84 26.18 21.52 
 total 40.91 37.15 32.59 24.23 
 ܭௗ  value [-] 0.46 0.54 0.73 1.42 
݇௦= 0.004 in wet solid 88.47 86.93 85.27 80.61 
 total 100.00 96.23 91.68 83.32 
 ܭௗ  value [-] 1.38 1.68 2.39 5.33 
Clay 
      
݇௟= 0.04 in liquid 8.67 6.31 5.08 3.37 
݇௦= 0 in wet solid 15.81 18.64 17.69 14.37 
 total 24.49 24.95 22.77 17.74 
 ܭௗ  value [-] 0.33 0.53 0.62 0.76 
݇௦= 0 in wet solid 91.33 94.15 93.20 89.88 
 total 100.00 100.46 98.28 93.25 
 ܭௗ  value [-] 1.89 2.68 3.29 4.78 
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Table 4.2 continued       
TC Sand ݇௟= 0.07 in liquid 0.07 0.04 0.01 0.01 
݇௦= 0 in wet solid 72.20 83.32 81.45 96.79 
 total 72.27 83.36 81.46 96.80 
 ܭௗ  value [-] 174 401 1253 1489 
݇௦= 0 in wet solid 99.93 99.93 99.93 99.93 
 total 100.00 99.96 99.94 99.94 
 ܭௗ  value [-] 240 481 1537 1537 
      
Clay ݇௟= 0 in liquid 0.01 0.01 0.01 0.01 
݇௦= 0 in wet solid 66.68 88.94 96.00 122.60 
 total 66.69 88.95 96.01 122.61 
 ܭௗ  value [-] 1290 1996 2154 2751 
݇௦= 0 in wet solid 99.99 99.99 99.99 99.99 
 total 100.00 100.00 100.00 100.00 
 ܭௗ  value [-] 1935 2244 2244 2244 
 
 The findings conflict with some studies (Karcı and Balcıo÷lu, 2009; Martínez-Carballo et 
al., 2007), which suggest that SMZ, SDZ and TC degrade quickly in animal excrements. 
However, these studies report general observations during sampling studies (݇ values are not 
given), not the results of time-dependent behaviour analyses under controlled conditions (as were 
conducted in this study). Nonetheless, a longer-term observation of VA elimination in different 
fertilizers is advised (for more than 28 days) in order to ascertain if elimination does indeed 
occur and to obtain more accurate elimination constants in both solid form (݇௦) and liquid form 
(݇௟). 
 The rapid elimination of SMX is consistent with the findings of Mohring et al. (2009) and 
suggests similar elimination processes in both the solid and liquid parts of the excrement. This is 
assumed to be due to degradation, not long-term sorption, as the SMX disappeared from both 
phases. The finding suggests that SMX found in surface water systems (Bailey et al., 2015; Kim 
and Carlson, 2007; Li et al., 2012) is most likely to originate from human medicine (Pérez et al., 
2004).  
 The sulfonamides had ܭௗ  values of approximately 1, meaning that in each case the 
excrement solid and liquid phases held roughly equal concentrations of VA. It logically follows 
that if the mass of excrement liquid phase is higher than that of the solid phase, then a greater 
mass of VA will be present in the liquid phase. A higher ܭௗ value for TC (3 – 6) was found, 
indicating that the sorption of TC to the excrement solid phases was stronger than that of the 
sulfonamides.  
 All results in this study, supported by results in published literature, indicate that longer 
fertilizer storage times may reduce VA environmental contamination; greater masses of VAs 
may be eliminated and become sorbed to solid particles as the fertilizer dries out (reducing VA 
mobility after its application to fields). If fertilizer liquidity must be retained for distribution 
purposes, a greater solid mass and higher ܭௗ  values could be achieved by mixing activated 
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charcoal into the excrement, as micro-pores in the charcoal increase sorption. The use of 
activated carbon for removing drugs and other organic micro-pollutants is well established in the 
production of drinking water and may also be important for advanced wastewater treatment 
(Jekel et al. 2015). 
4.5.2 Soil experiment 
The crucial finding is that the majority of all initial VA masses was found in the soil solid; very 
little was found in the soil liquid. This is a reversal of the partitioning trend in excrement, 
reflected by the higher ܭௗ  values in soil compared to excrement. This infers that on a given 
agricultural field, the soil particles are considerably more contaminated than the pore water. The 
strong sorption of sulfonamides (Gao and Pedersen, 2005; Sukul et al., 2008; Thiele-Bruhn et al., 
2004) and tetracyclines (Aristilde et al., 2010; Carrasquillo et al., 2008; Figueroa et al., 2004; 
Peng et al., 2014; Wang et al., 2010) to soil particles is caused by the mechanisms of cation and 
zwitterion exchange reactions (cation and zwitterion bridging) and complexation within the soil 
matrix. Clays are speculated to exhibit a higher sorption capacity than other soils due to their 
high cation-exchange capacity and swelling capabilities; this leads to the strong sorption of VAs 
between particle layers (Aristilde et al., 2016).  
 The next crucial (and novel) finding is that VAs were generally found to be eliminated in 
liquid form, but not in solid form. It is unclear whether this was due to degradation or long-term 
sorption. The calculated ݇௟ values indicate that complete VA elimination in soil liquid would 
occur within two to four months of fertilizer application to fields. This reinforces the prevalence 
of VA occurrence in solid form (opposed to liquid form) throughout the year. Greater absolute 
masses of VAs may therefore be transported in solid form (via soil erosion), not in liquid form as 
is generally discussed in published literature. It also infers the accumulation of VAs in soils, if 
VAs do not degrade between fertilizer applications. Longer-term elimination studies should be 
executed in order to determine if elimination does indeed occur in soil solid. Hamscher et al. 
(2005) present evidence which suggests that sulfonamides and tetracyclines persist for at least 
two to three years in agricultural soils. Lastly, the calculated ݇௟ values offer some indication that 
sulfonamides are eliminated more quickly than tetracyclines in soil liquid (which reflects the 
research of Langhammer et al., 1990) and more quickly in sandy soil liquid than clayey soil 
liquid.  
 ܭௗ  values were consistently higher in clayey soil than sandy soils. This reflects the 
findings of many authors (Boxall et al., 2002; Thiele, 2000; Thiele-Bruhn, 2003); clayey soils are 
generally observed to possess higher organic and mineral contents than sandy soils, thus, the 
more complex soil matrices and smaller grain sizes promote sorption. The ܭௗ values that were 
calculated from the speculated results correspond well with those found in published literature. 
For SDZ, we calculated ܭௗ values of 2.08 in sandy soil (versus values of 2.0 from Thiele et al., 
2002) and 2.50 in clayey soil (versus 2.5 from Tolls et al., 2002). For SMZ, we calculated ܭௗ 
values of 2.30 in sandy soil (versus 2.0 from Langhammer and Büning-Pfaue, 1989) and 7.94 in 
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clayey soil (versus 8.5 from Gong et al., 2012). For TC, we calculated ܭௗ  values of 2244 in 
clayey soil (versus 3456 from Kaprac et al., 2005). Based on our observations, prolonged 
interaction between VAs and the soil matrix leads to increased sorption and respective ܭௗ values, 
which supports research into long-term sorption of VAs by Chatterjee et al. (2014). 
4.5.3 Realised conceptualisation of VA behaviour 
Experiments have been conducted in order to specifically aid conceptualisation of the journey of 
four commonly-detected VAs from fertilizer to soils (Fig. 4.5). For the first time, sorption 
isotherms (ܭௗ values) have been calculated for cow excrements with different solid contents and 
elimination constants (݇௦ and ݇௟ values) have been calculated for VAs in solid and liquid forms, 
respectively, for cow excrement, sandy soil and clayey soil. The clearly presented route, plus the 
accompanying sorption isotherms and elimination constants, makes numerically modelling the 
fate of SDZ, SMZ, SMX and TC in the environment a real possibility for the future.  
 Many published studies express concern about the mobility of VAs in the environment. 
This study shows that whilst all the observed VAs are relatively immobile, TC was found to be 
less mobile than SDZ and SMZ, due to its more strongly sorptive behaviour. After 28 days, only 
0.01% of the initial TC mass was present in both the sandy soil liquid and clayey soil liquid. In 
comparison, 2.35% and 2.21% of the initial mass of SDZ and 1.10% and 0.93% of SMZ were 
found in the sandy and clayey soil liquids, respectively. This suggests that SDZ is slightly more 
mobile than SMZ. This supports the findings of Hamscher et al. (2005) who detected SMZ but 
not TC in groundwater, Hamscher et al. (2002) who only detected TC down to the plough depth 
of 0.3 m, indicating no further transport via infiltration, and Boxall et al. (2006) who detected 
SDZ in plants grown in VA-contaminated soil. A practical recommendation to reduce VA 
mobility on the field is to leave as great a time interval as possible between the application of 
fertilizer and heavy forecasted precipitation.  
 The most contaminated environment compartment is therefore soil solid, where the 
majority of SDZ, SMZ and TC that are applied in fertilizer are expected to persist. VAs present 
in the solid phase may be transported to surface water systems via soil erosion and detected in 
sediment. This prediction is supported by the findings of Bailey et al. (2015) and Kim and 
Carlson (2007) who detected various VAs including SMZ and TC in sediment from surface 
water systems that had been affected by runoff from agricultural land. Further research into 
factors affecting soil erosion and mitigation methods in agricultural areas is recommended. 
However, assuming that the majority of applied VAs remain and persist in soil solids, research 
should also be conducted into any negative effects (such as antibiotic resistance development) on 
flora and fauna that reside in such terrestrial environments. 
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Fig. 4.5. Realised conceptualisation: the journeys of SDZ from cow excrement to (a) sandy soil 
and (b) clayey soil and of TC from cow excrement to (c) sandy soil and (d) clayey soil. 
 
4.6 Conclusions 
The critical findings of the above experiments for SDZ, SMZ and TC are thus: (1) the majority 
of an initial VA mass resides in excrement liquid; (2) following incorporation into soil, the 
majority of the same initial VA mass resides in soil solid; (3) VAs found in soil liquid are 
assumed to be eliminated within a few months; (4) VAs found in soil solid are assumed to persist 
and accumulate; (5) VAs are most likely to be transported to surface water systems in solid form 
(via soil erosion). Due to its rapid elimination in excrement, SMX that stems from veterinary 
medicine is not assumed to be a major environmental contaminant.  
 Further research is recommended into (1) the transport and mitigation of VAs via soil 
erosion and their presence and effects in sediment; (2) the transpiration of VAs into agricultural 
plants and their effects therein; (3) the long-term effects of VAs on terrestrial biota; (4) the long-
term elimination of commonly detected VAs in both soil solid and soil liquid.  
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5 Numerically predicting the fate of veterinary antibiotics that are 
applied to agricultural fields 
 
5.1 Abstract 
Research shows that veterinary antibiotics (VAs) are contaminating surface water systems, 
yet their application to agricultural fields in fertilizer and their subsequent overland transport has 
not been numerically modelled. The Veterinary Antibiotic Transport Model (VANTOM) is 
presented, which aims to predict the overland transport of VAs and their behaviour (sorption and 
degradation) in different host materials (fertilizer and soil) during the journey.  
VANTOM is applicable to small or large study domains, for short or long study periods. 
VANTOM calculates a VA mass budget within each time step, which accounts for the addition 
of VAs to fields via fertilizer application and their subtraction via degradation and transportation 
in runoff water and eroded soil. The solid-liquid partitioning of VAs in both fertilizer and soil is 
considered. The user must supply input data related to fertilizer usage and VA behaviour 
(sorption coefficients and degradation constants). VANTOM must be used in conjunction with 
an existing hydrologically-based soil erosion model that is capable of supplying input data 
relevant to the chosen study area, including predicted masses of runoff water and eroded soil.  
A case study is presented in which VANTOM is coupled with the process model PESERA 
to calculate a mass budget for the VAs sulfamethazine and tetracycline across Germany over one 
year. Concentrations of both VAs that are calculated to be in fertilizer, soil and surface water 
systems (averaged across Germany) are compared to those taken from published literature with 
good accuracy. The temporal variation of transported VAs throughout one year and the spatial 
variation of transported VAs across Germany are presented.  
As an indicator of VA contamination in European soils and surface water systems, 
VANTOM can be considered a useful tool. Inaccuracies can be due to the simplified modelling 
of VA transport below the soil surface, low temporal and spatial discretization, and 
generalisation of input data, in particular the rates of soil erosion calculated by PESERA which 
have an error margin of a factor of four. To accurately validate VANTOM in the future, it should 
be used to simulate VA transport across study areas in which VA application, behaviour and 
transport are carefully monitored with spatial and temporal variation (such monitoring schemes 
are yet to be executed). VANTOM predictions can then be compared to reality. 
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5.2 Introduction 
Awareness of the emergence of veterinary antibiotics (VAs) as environmental 
contaminants is increasing (Kümmerer, 2010). VAs are applied to agricultural land via 
excrement-based fertilizer and may be transported to groundwater via percolating water 
(Hamscher et al., 2005), to surface water systems via runoff and soil erosion (this thesis, Chapter 
3; Bailey et al., 2015; Davis et al., 2006), or to plants via transpiration (Boxall et al., 2006). This 
chapter focuses on the premise of VAs that are transported overland by runoff water and eroded 
soil. 
Excrement-based fertilizers (manure, slurry and biogas plant effluents) generally consist of 
5 - 10% solid mass and 80 - 95% liquid mass (Insam et al., 2015). VAs may be present in both 
the solid and liquid phases of the fertilizer (this thesis, Chapter 4; Bailey et al., 2016). When VA-
contaminated fertilizer is ploughed into a field (which will henceforth be termed a “fertilizer 
event”), the VAs are mixed into the soil matrix. A soil matrix comprises the mixture of solid soil 
particles (minerals and organic matter) plus the voids between the particles which are filled with 
a mixture of liquid and gas. VAs are consequently present in the solid and liquid phases of the 
soil when heavy precipitation occurs, causing surface runoff (which will henceforth be termed a 
“runoff event”). Transport of the VAs during a runoff event may occur in (1) liquid form via 
runoff water and (2) solid form via eroded soil. These methods will henceforth collectively be 
termed “overland transport”. 
Runoff is caused by the inability of precipitation water to infiltrate into soil, which causes 
the excess water to run downhill across the land surface. Possible reasons for this are: (1) an 
existing state of soil saturation (caused by a high groundwater level, for example); (2) a 
temporary state of soil saturation due to a rate of precipitation which is higher than the soil 
infiltration capacity (Horton, 1945). Soil erosion can be caused by both water and wind, which 
act as transporting bodies of the soil particles. This chapter will concentrate solely on the effects 
of erosion via water.  
A runoff event may result in a proportion of the VAs present on the field surface (both in 
solid and liquid form) being carried from fields to surface water systems (streams, rivers, 
reservoirs and lakes) (Davis et al., 2006), where they persist in the water and sediment (this 
thesis, Chapter 3; Bailey et al., 2015; Kim and Carlson, 2007; Kolpin et al., 2002; Li et al., 2012; 
Ok et al., 2011). VAs that are not transported away from fields may persist and accumulate in the 
soil (Halling-Sørensen et al., 2002). The presence of VAs in the environment threatens human 
healthcare and the environment due to the promotion of antibiotic resistances (Kümmerer, 2004; 
WHO, 2014). 
Because VA concentrations within the environment are highly variable and soil and 
sediment sampling is time and cost intensive, sampling is an inefficient way of identifying areas 
of high VA concentrations in large study domains. It is therefore desirable to use a numerical 
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model to predict areas of potentially high VA concentrations and their transportation across a 
large area. Sampling may then be conducted more productively within these identified areas. 
In order to numerically predict the transport of VAs in runoff and soil erosion, and to 
predict the accumulation of VAs that are not transported and which therefore accumulate in 
agricultural soil over time, the following processes must be modelled: (1) the application of VA-
contaminated fertilizer to fields; (2) the behaviour of VAs in soil (sorption and degradation); (3) 
runoff; (4) soil erosion; (5) the transportation of VAs in runoff, (6) the transportation of VAs in 
eroded soil and (7) the accumulation of VAs on agricultural soil with time. No model currently 
exists which is capable of conducting these seven steps, although similar models have been 
developed to estimate pesticide transport (Knisel, 1980; Leonard et al., 1995). 
The objective of this chapter is to present a new modelling tool: the Veterinary Antibiotic 
Transport Model (VANTOM). It has been designed to calculate the processes listed above which 
relate to VAs (1, 2, 5, 6 and 7). The processes that govern VA transport, runoff and soil erosion 
(3 and 4) are provided by coupling VANTOM with an existing process model (a hydrologically-
based soil erosion model) that is capable of predicting both processes. VANTOM accounts for 
VA behavioural processes (sorption and degradation) but explicitly neglects the sub-surface 
transport of VAs via evapotranspiration, infiltration and lateral groundwater flow plus micro-
scale activity, such as the transport of VAs in pore water via advection-diffusion processes. It 
provides quick, generalised results which can be used to assess the long term risk of VA 
contamination to fields and surface water systems over large areas.  
This chapter will describe the mathematical theory behind VANTOM and explore choices 
of existing hydrologically-based soil erosion models with which VANTOM can be coupled. 
Finally, a working example of VANTOM is given, showing the estimated transported and 
accumulated masses of the VAs sulfamethazine and tetracycline across the country of Germany 
over the course of one month. For this purpose, VANTOM was coupled with the existing process 
model PESERA, which was selected for its ability to predict approximate masses of runoff and 
soil erosion across a continent-wide area on a 1 km2 grid in time steps of one month. 
 
5.3 Method 
5.3.1 Concept of spatial and temporal discretization 
To predict VA transport with spatial and temporal variation, the desired total study area 
and time period must be divided into smaller, more manageable units. Spatial and temporal units 
used in VANTOM can be determined by the user to correspond with those of the chosen 
hydrologically-based soil erosion model with which VANTOM is coupled. 
VANTOM measures time, ݐ [s], in continuous consecutive time steps, ݅, (Fig. 5.1) where 
݅ ൌ ͳǡ ʹǡ ͵ǥ ݅௠௔௫  and ݅௠௔௫  is user defined. At ݐ ൌ ݐ௜ିଵ  [s], the time step is initialised. At 
ݐ ൌ ݐ௜ [s], the time step ends. The duration of each time step is οݐ௜ [s]. 
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5.3.2 Events 
5.3.2.1 Fertilizer event 
A fertilizer event occurs at the start of each time step, causing VAs to enter a cell. There 
is a maximum of one fertilizer event per time step. A fertilizer event introduces a user-defined 
mass of fertilizer containing a user-defined mass of VA to the soil surface, where it is 
homogeneously ploughed to a user-defined plough depth. Should the user not want a fertilizer 
event to occur in a certain time step, then the values of the applied masses of fertilizer and VAs 
must be set to zero. 
5.3.2.2 Runoff event 
A runoff event occurs at the end of each time step, causing VAs to enter or exit a cell. 
There is a maximum of one runoff event per time step. This event accounts for the cumulative 
masses of surface runoff and eroded soil (and the VAs therein) that have exited or entered the 
cell during the time step in question. Should the user not want a runoff event to occur in a certain 
time step, then the values of the transported masses of soil, water and VAs must be set to zero. 
Note that the entrance of VAs into a cell is only modelled if the chosen hydrologically-based soil 
erosion model with which VANTOM is coupled is capable of modelling the transport of an 
overland liquid and solid mass across cell boundaries. For the sake of simplicity in this chapter, 
only the transport of soil, water and VAs out of a cell will henceforth be considered.  
 
5.3.3 VA behaviour 
The total mass of VAs, ܽ௜ [kg], that is present in a given material (fertilizer or soil) is the 
sum of the mass found in the solid phase, ܽ௦ȁ௜  [kg], and in the liquid phase, ܽ௟ȁ௜ [kg], of that 
material (Eq. 1). It is assumed that VAs do not exist in gas form. 
 
ܽ௜ ൌ ܽ௦ȁ௜ ൅ ܽ௟ȁ௜ (1) 
 
The key behavioural features of VAs which are considered are sorption and degradation.  
5.3.3.1 Sorption 
The sorption of a VA to solid particles (a collective term for adsorption, absorption and 
desorption) is modelled using the linear sorption equation (Gong et al., 2012; Tolls, 2001). The 
linear sorption equation describes the partitioning of a VA between the solid mass,ܯ௦ȁ௜ [kg], and 
liquid mass,ܯ௟ȁ௜ [kg], of a material. Each VA has a different sorption coefficient, which varies 
for every host material, i.e. in different fertilizers and soils (this thesis, Chapters 2 and 4). 
VANTOM uses the linear sorption equation twice in each time step to calculate the partitioning 
of VAs between the solid and liquid masses; firstly in fertilizer and secondly in soil. VANTOM 
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calculates solid-liquid partitioning as an instantaneous occurrence; time-dependent sorption 
effects are not considered. 
5.3.3.2 Degradation 
The continuous degradation of VAs (a collective term for photodegradation, 
biodegradation and hydrodegradation) during each time step is modelled as a pseudo-first order 
process using the exponential decay equation (Blume et al., 2010; Leonard et al., 1995). 
Degradation constants are different if a VA is present in solid or liquid form and are dependent 
on the host material (this thesis, Chapter 4; Bailey et al., 2016). VANTOM does not consider the 
effects of other environmental factors on degradation, such as temperature, and does not account 
for the daughter products of degraded VAs.  
 
Fig. 5.1. A general time step, ݅: the events and VA behaviour that occurs within. 
 
5.3.4 Mass budget 
VANTOM calculates a budget for the masses of VAs,ܽ௦ȁ௜  [kg] and ܽ௟ȁ௜  [kg], that are 
present in the cell at the end of each time step by considering those masses present at the start of 
the time step,ܽ௦ȁ௜ିଵ  [kg] and ܽ௟ȁ௜ିଵ  [kg], plus those that are: added due to a fertilizer event, 
ܽ௦ǡ௙ȁ௜  [kg] and ܽ௟ǡ௙ȁ௜  [kg] (this event accounts for the effects of sorption); subtracted due to 
degradation, ܽ௦ǡௗ௘௚ȁ௜ [kg] and ܽ௟ǡௗ௘௚ȁ௜ [kg]; and subtracted due to a runoff event, ܽ௦ǡ௥ȁ௜ [kg] and 
ܽ௟ǡ௥ȁ௜ [kg], in solid or liquid form respectively (Eq. 2a-b). 
 
ܽ௦ȁ௜ ൌ ܽ௦ȁ௜ିଵ ൅ ܽ௦ǡ௙ȁ௜ െ ܽ௦ǡୢୣ୥ȁ௜ െ ܽ௦ǡ௥ȁ௜ (2a) 
ܽ௟ȁ௜ ൌ ܽ௟ȁ௜ିଵ ൅ ܽ௟ǡ௙ȁ௜ െ ܽ௟ǡୢୣ୥ȁ௜ െ ܽ௟ǡ௥ȁ௜ (2b) 
In order to calculate the VA budgets, a budget for the masses of soil that contain VAs at the end 
of each time step must also be considered, both in solid form, ܯ௦ȁ௜  [kg], and liquid form, 
ܯ௟ȁ௜ [kg] (Eq. 2c-d). This is achieved by considering the solid mass, ܯ௦ȁ௜ିଵ [kg], and liquid mass, 
ܯ௟ȁ௜ିଵ [kg], of material present in the cell at the start of the time step; the addition of solid mass, 
ܯ௦ǡ௙ȁ௜ [kg], and liquid mass, ܯ௟ǡ௙ȁ௜ [kg], due to a fertilizer event and the subtraction of solid mass, 
ܯ௦ǡ௥ȁ௜ [kg], and liquid mass, ܯ௟ǡ௥ȁ௜ [kg] due to a runoff event. 
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ܯ௦ȁ௜ ൌ ܯ௦ȁ௜ିଵ ൅ ܯ௦ǡ௙ȁ௜ െ ܯ௦ǡ௥ȁ௜ (2c) 
ܯ௟ȁ௜ ൌ ܯ௟ȁ௜ିଵ ൅ ܯ௟ǡ௙ȁ௜ െ ܯ௟ǡ௥ȁ௜ (2d) 
5.3.5 Depth concepts 
The key depth of soil that is considered in each cell in each time step is the plough layer 
depth, ݀௣ [m]: the user-defined depth to which fertilizer and the VAs therein are homogeneously 
mixed across the whole cell area during a fertilizer event. The plough layer depth remains 
constant throughout a time step. However, it is not fixed at a specific height as it is measured 
from the soil surface downwards, the level of which may change with each event. The level of 
the soil surface rises due to the addition of material and sinks due to the subtraction of material 
(Fig. 5.2). Hence it is possible that VAs are present below the plough layer. This layer is termed 
the sub-plough layer and has a depth ݀௭ȁ௜ [m]. 
 
 
Fig. 5.2. Concept of changing depths [m] in time step i. 
The user must define an initial sub-plough layer depth, ݀௭ȁ଴ [m]: a buffer-zone volume 
designed to account for those VAs that are pushed downwards out of the plough layer when 
material is applied to the soil surface. The sub-plough layer depth must exceed the magnitude of 
the soil level fluctuations at all subsequent time steps; if it is calculated to be less than zero at 
any time step then then its initial depth must be increased. VAs in the sub-plough layer are 
assumed to be mixed homogenously in its soil; its depth should therefore not grossly exceed the 
magnitude of soil level fluctuations.  
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5.3.6 Time step initialisation 
At the start of each time step, the mass of soil solid, ܯ௦ǡ௣ȁ௜ିଵ [kg], mass of soil liquid, 
ܯ௟ǡ௣ȁ௜ିଵ  [kg], VA mass in the soil solid, ܽ௦ǡ௣ȁ௜ିଵ  [kg], and VA mass in the soil liquid, 
ܽ௟ǡ௣ȁ௜ିଵ [kg], in the plough layer, plus the mass of soil solid, ܯ௦ǡ௭ȁ௜ିଵ [kg], mass of soil liquid, 
ܯ௟ǡ௭ȁ௜ିଵ  [kg], VA mass in the soil solid, ܽ௦ǡ௭ȁ௜ିଵ  [kg], and VA mass in the soil liquid, 
ܽ௟ǡ௭ȁ௜ିଵ [kg], in the sub-plough layer must be defined.  
At the beginning of the first time step (݅ ൌ ͳሻ, solid VA masses (ܽ௦ǡ௣ȁ଴and ܽ௦ǡ௭ȁ଴ [kg]) 
and liquid VA masses (ܽ௟ǡ௣ȁ଴ and ܽ௟ǡ௭ȁ଴ [kg]) are user-defined. Soil solid and liquid masses are 
calculated (Eq. 15a-d) using the depth of soil in the plough layer, ݀௣ [m], and sub-plough layer, 
݀௭ȁ଴ [m], which are user-defined, plus the soil porosity, ܲ [m3 m-3]; initial soil water content, 
ߔ଴ [m3 m-3]; soil solid density, ߩ௦ [kg m-3]; and soil liquid (water) density ߩ௟ [kg m-3], which are 
defined by the hydrologically-based soil erosion model with which VANTOM is coupled.  
 
ܯ௦ǡ௣ȁ଴ ൌ ݀௣ ή ܣ ή ሺͳ െ ܲሻ ή ߩ௦ (3a) 
ܯ௟ǡ௣ȁ଴ ൌ ݀௣ ή ܣ ή ܲ ή ߔ଴ ή ߩ௟ (3b) 
ܯ௦ǡ௭ȁ଴ ൌ ݀௭ȁ଴ ή ܣ ή ሺͳ െ ܲሻ ή ߩ௦ (3c) 
ܯ௟ǡ௭ȁ଴ ൌ ݀௭ȁ଴ ή ܣ ή ܲ ή ߔ଴ ή ߩ௟ (3d) 
In later time steps ( ݅ ൐ ͳሻ , values for soil and VA masses, the sub-plough depth, 
݀௭ȁ௜ିଵ [m], and soil water content, ߔ௜ିଵ [m3 m-3], used at the start of the time step are equal to 
those that were calculated at the end of the previous time step. 
 
5.3.7 Implementation of events and VA behaviour 
The following section documents the effects of fertilizer events, runoff events, sorption 
and degradation on the masses of VAs present in the plough layer (Fig. 5.3), from whose surface 
VAs are ultimately transported overland in solid and liquid form. The VA masses present in the 
plough layer are calculated by considering the masses which pass in and out of the sub-plough 
layer during each time step. 
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Fig. 5.3. Conceptualisation of key events and VA behaviour in the plough layer in time step. 
 
5.3.7.1 Fertilizer event and sorption 
A fertilizer event occurs directly after the initiation of the time step. A user-defined mass 
of fertilizer,ܯ௙ȁ௜ [kg], containing a total mass of VAs, ܽ௙ȁ௜ [kg], is homogeneously mixed into 
the soil to the plough layer depth. The fertilizer solid mass, ܯ௦ǡ௙ȁ௜  [kg], and liquid mass, 
ܯ௟ǡ௙ȁ௜  [kg], are calculated using the user-defined fertilizer liquid content, ߔ௙ȁ௜  [m3 m-3], solid 
density, ߩ௦ǡ௙ [kg m-3], and liquid density ߩ௟ǡ௙ [kg m-3] (Eq. 4a-b). 
 
ܯ௦ǡ௙ȁ௜ ൌ ܯ௙ȁ௜ ή ൫ͳ െ ߔ௙ȁ௜൯ (4a) 
ܯ௟ǡ௙ȁ௜ ൌ ܯ௙ȁ௜ ή ߔ௙ȁ௜ (4b) 
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The total mass of VAs present in the fertilizer,ܽ௙ȁ௜ [kg], is the sum of those present in 
solid form, ܽ௦ǡ௙ȁ௜  [kg], and liquid form, ܽ௟ǡ௙ȁ௜  [kg] (Eq. 4c). The partitioning of VAs between 
fertilizer solids and liquids is described by the fertilizer sorption coefficient,ܭௗǡ௙ [kg kg-1] in the 
linear sorption theory for fertilizer (Eq. 5). By rearranging and combining equations 4c and 5, the 
mass of VAs present in the fertilizer solids and liquids can be found. 
 
ܽ௙ȁ௜ ൌ ܽ௦ǡ௙ȁ௜ ൅ ܽ௟ǡ௙ȁ௜ (4c) 
ܽ௦ǡ௙ȁ௜
ܯ௦ǡ௙ȁ௜
ൌ ܭௗǡ௙ ή
ܽ௟ǡ௙ȁ௜
ܯ௟ǡ௙ȁ௜
 (5) 
 
The addition of a depth of fertilizer, ݀௙ȁ௜ [m] (Eq. 6a), changes the height of the plough 
layer and creates a new depth of the sub-plough layer, ݀௭ሺ௙ሻȁ௜ [m] (Eq. 6b). The plough layer 
depth, ݀௣ [m], remains constant (Fig. 5.4).  
 
݀௙ȁ௜= 
ଵ
஺ ή ൬
ெೞǡ೑ȁ೔
ఘೞǡ೑ȁ೔
൅ ெ೗ǡ೑ȁ೔ఘ೗ǡ೑ȁ೔ ൰   (6a) 
݀௭ሺ௙ሻȁ௜= ݀௭ሺ௙ሻȁ௜ିଵ ൅ ݀௙ȁ௜ (6b) 
 
The factorݔ௙ȁ௜ [-] describes the relationship between the depth of fertilizer added during 
the fertilizer event, ݀௙ȁ௜ [m], and the depth of the plough layer, ݀௣ȁ௜ [m] (Eq. 6c).  
 
ݔ௙ȁ௜ ൌ
݀௙ȁ௜
݀௣
 (6c) 
 
This factor is used to calculate the new masses of soil solid,ܯ௦ǡ௣ሺ௙ሻȁ௜  [kg], and soil 
liquid,ܯ௟ǡ௣ሺ௙ሻȁ௜  [kg], in the plough layer (Eq. 7a-b); although the plough layer depth remains 
constant, its composition changes. Note that changes to soil porosity and soil density are 
considered negligible. 
 
ܯ௦ǡ௣ሺ௙ሻȁ௜ ൌ ܯ௦ǡ௣ȁ௜ିଵ ή ൫ͳ െ ݔ௙ȁ௜൯ ൅ ܯ௦ǡ௙ȁ௜ (7a) 
ܯ௟ǡ௣ሺ௙ሻȁ௜ ൌ ܯ௟ǡ௣ȁ௜ିଵ ή ൫ͳ െ ݔ௙ȁ௜൯ ൅ ܯ௟ǡ௙ȁ௜ (7b) 
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Fig. 5.4. Implementation of fertilizer event and sorption: effect on material and VA budgets 
(solid and liquid form). 
The new masses of VAs in the plough layer, ܽ௦ǡ௣ሺ௙ሻȁ௜ [kg] and ܽ௟ǡ௣ሺ௙ሻȁ௜ [kg], in solid and 
liquid form, respectively, must also be calculated (Eq. 7c-d). This involves an extra step. 
According to Chapter 4 of this thesis (Bailey et al., 2016), when fertilizer is mixed into soil, a 
high percentage of the VA mass that is present in liquid form in the fertilizer, ܽ௟ǡ௙ȁ௜ [kg], sorbs to 
the soil solid mass in the plough layer,ܯ௦ǡ௣ሺ௙ሻȁ௜ [kg]. This mass is henceforth termed ܽ௦௢௥௕ȁ௜ [kg].  
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ܽ௦ǡ௣ሺ௙ሻȁ௜ ൌ ܽ௦ǡ௣ȁ௜ିଵ ή ൫ͳ െ ݔ௙ȁ௜൯ ൅ ܽ௦ǡ௙ȁ௜ ൅ ܽ௦௢௥௕ȁ௜ (7c) 
ܽ௟ǡ௣ሺ௙ሻȁ௜ ൌ ܽ௟ǡ௣ȁ௜ିଵ ή ൫ͳ െ ݔ௙ȁ௜൯ ൅ ܽ௟ǡ௙ȁ௜ െ ܽ௦௢௥௕ȁ௜ (7d) 
 
The partitioning of VAs between plough layer solids and liquids is described by the user-
defined plough layer sorption coefficient,ܭௗǡ௣ [kg kg-1] in the linear sorption equation for the 
plough layer (Eq. 8).  
 
ܽ௦ǡ௣ሺ௙ሻȁ௜
ܯ௦ǡ௣ሺ௙ሻȁ௜
ൌ ܭௗǡ௣ ή
ܽ௟ǡ௣ሺ௙ሻȁ௜
ܯ௟ǡ௣ሺ௙ሻȁ௜
 (8) 
 
By rearranging and combining equations 7c-d and 8, the mass of VAs present in the 
plough layer solids and liquids can now be found. As the plough layer sorption coefficient,ܭௗǡ௣, 
is constant, the solid-liquid partitioning of VAs in the plough layer is regulated whenever the 
solid-liquid composition of the plough layer changes. If the soil water content decreases, a 
greater mass of VAs will sorb from the soil liquid to the soil solid; if the soil water content 
increases, a mass of VAs will desorb from the soil solid to the soil liquid. 
The new mass of soil solid,ܯ௦ǡ௭ሺ௙ሻȁ௜  [kg], soil liquid,ܯ௟ǡ௭ሺ௙ሻȁ௜  [kg], VAs in soil solid, 
ܽ௦ǡ௭ሺ௙ሻȁ௜  [kg], and VAs in soil liquid,ܽ௟ǡ௭ሺ௙ሻȁ௜  [kg], in the sub-plough layer (Eq. 9a-d) are also 
calculated using the factor ݔ௙ȁ௜. Note that the effects of sorption are not modelled in the sub-
plough layer; they are deemed negligible. 
 
ܯ௦ǡ௭ሺ௙ሻȁ௜ ൌ ܯ௦ǡ௭ȁ௜ିଵ ൅ ݔ௙ȁ௜ ή ܯ௦ǡ௣ȁ௜ିଵ (9a) 
ܯ௟ǡ௭ሺ௙ሻȁ௜ ൌ ܯ௟ǡ௭ȁ௜ିଵ ൅ ݔ௙ȁ௜ ή ܯ௟ǡ௣ȁ௜ିଵ (9b) 
ܽ௦ǡ௭ሺ௙ሻȁ௜ ൌ ܽ௦ǡ௭ȁ௜ିଵ ൅ ݔ௙ȁ௜ ή ܽ௦ǡ௣ȁ௜ିଵ (9c) 
ܽ௟ǡ௭ሺ௙ሻȁ௜ ൌ ܽ௟ǡ௭ȁ௜ିଵ ൅ ݔ௙ȁ௜ ή ܽ௟ǡ௣ȁ௜ିଵ (9d) 
 
The effects of the fertilizer event and sorption have now been accounted for; equations 
7a-d and 9a-d represent the consideration of the fertilizer terms of the total time step budgets for 
VAs and soil mass stated in equations 2a-d. 
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5.3.7.2 Degradation  
In the time elapse, οݐ௜  [s], between a fertilizer event and a runoff event, continuous 
degradation of the VA occurs, whilst the masses of soil solid and liquid which contain VAs are 
assumed to remain constant throughout this period (Fig. 5.5).  
 
 
Fig. 5.5. Implementation of degradation: effect on material and VA budgets (solid and liquid 
form). 
Using the exponential decay formula, the masses of VAs that remain in the plough layer, 
ܽ௦ǡ௣ሺௗ௘௚ሻȁ௜ [kg] and ܽ௟ǡ௣ሺௗ௘௚ሻȁ௜ [kg], and the sub-plough layer, ܽ௦ǡ௭ሺௗ௘௚ሻȁ௜ [kg] and ܽ௟ǡ௭ሺௗ௘௚ሻȁ௜ [kg], 
are calculated, in solid and liquid form respectively (Eq. 10a-d). The user-defined degradation 
constants for VAs in solid form, ݇௦ [day-1], and liquid form, ݇௟ [day-1], are dependent on soil 
type (this thesis, Chapter 4; Bailey et al., 2016). 
 
ܽ௦ǡ௣ሺௗ௘௚ሻȁ௜ ൌ ܽ௦ǡ௣ሺ௙ሻȁ௜ ή ݁ି௞ೞήο௧೔ (10a) 
ܽ௟ǡ௣ሺௗ௘௚ሻȁ௜ ൌ ܽ௟ǡ௣ሺ௙ሻȁ௜ ή ݁ି௞೗ήο௧೔ (10b) 
ܽ௦ǡ௭ሺௗ௘௚ሻȁ௜ ൌ ܽ௦ǡ௭ሺ௙ሻȁ௜ ή ݁ି௞ೞήο௧೔ (10c) 
ܽ௟ǡ௭ሺௗ௘௚ሻȁ௜ ൌ ܽ௟ǡ௭ሺ௙ሻȁ௜ ή ݁ି௞೗ήο௧೔ (10d) 
The effects of the fertilizer event, sorption and degradation have now been accounted for; 
equations 10a-d represent the consideration of the fertilizer and degradation terms of the total 
time step budgets for VAs stated in equations 2a-b. 
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5.3.7.3 Transportation 
A runoff event occurs directly before the end of the time step. A mass of surface runoff 
water, ܯ௥௨௡௢௙௙ȁ௜ [kg], transports a mass of soil solid, ܯ௦ǡ௥ȁ௜ [kg], and soil liquid, ܯ௟ǡ௥ȁ௜ [kg], out 
of each cell overland to downslope neighbouring cells or to surface water systems (Fig. 5.6). 
 
 
Fig. 5.6. Implementation of runoff event: effect on material and VA budgets (solid and liquid 
form). 
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The occurrence of surface runoff and the masses of transported soil in solid form (eroded 
soil) are calculated by the hydrologically-based soil erosion model with which VANTOM must 
be coupled. Depending on the capabilities of the chosen model, the transport of soil into each cell 
via surface runoff water from upslope neighbouring cells may also occur (and can be accounted 
for in VANTOM) but will not be discussed in this chapter.  
Transported soil solids and liquids are assumed to be removed from the soil surface at a 
constant depth across the cell. The removal depth of soil solids, ݀௦ǡ௥ȁ௜ [m], is calculated using the 
transported soil solid mass, ܯ௦ǡ௥ȁ௜  [kg], the soil solid density, ߩ௦ [kg m-3], and the cell surface 
area, ܣ [m2] (Eq. 11).  
 
݀௦ǡ௥ȁ௜ ൌ
ܯ௦ǡ௥ȁ௜
ߩ௦ ή ܣ
 
(11) 
 
The removal depth of soil liquids, ݀௟ǡ௥ȁ௜  [m], is not equal to that of soil solids as this 
would imply that soil liquids are only transported if soil erosion occurs. In reality, the transport 
of soil liquids and the VAs therein may take place due to entrainment (Parr et al., 1987), even if 
surface runoff is not energetic enough to carry soil particles. The removal depth of soil liquids, 
݀௟ǡ௥ȁ௜  [m], is therefore defined by the chosen hydrologically-based soil erosion model as the 
maximum depth to which soil erosion is possible. This typically represents the top few 
millimetres of the plough layer (Ahuja et al., 1981; Leonard et al., 1995). VANTOM assumes 
that if runoff occurs, the mass of liquid present within this depth, ܯ௟ǡ௥ȁ௜ [kg], is transported out of 
the cell (Eq. 12) and consequently either into a downhill neighbouring cell or into a channel. 
 
ܯ௟ǡ௥ȁ௜ ൌ
݀௟ǡ௥ȁ௜
݀௣
ή ܯ௟ǡ௣ሺ௙ሻȁ௜ (12) 
 
The masses of VAs in solid form ܽ௦ǡ௥ȁ௜ [kg], and liquid form, ܽ௟ǡ௥ȁ௜ [kg], that are removed 
from the top of the plough layer and transported out of the cell during a runoff event are 
equivalent to the masses of solid and liquid material that are removed from the top of the plough 
layer (Eq. 13a-b). 
 
ܽ௦ǡ௥ȁ௜ ൌ
݀௦ǡ௥ȁ௜
݀௣ȁ௜
ή ܽ௦ǡ௣ሺௗ௘௚ሻȁ௜ (13a) 
ܽ௟ǡ௥ȁ௜ ൌ
݀௟ǡ௥ȁ௜
݀௣ȁ௜
ή ܽ௟ǡ௣ሺௗ௘௚ሻȁ௜ (13b) 
 
The subtraction of surface material lowers the position of the plough layer, creating a 
final depth of the sub-plough layer, ݀௭ȁ௜ [m] (Eq. 14a), (Fig. 5.6). The factorݔ௥ȁ௜ [-] describes the 
relationship between the depth of soil solids that are removed during the runoff event and the 
depth of the sub-plough layer before the event, ݀௭ሺ௙ሻȁ௜ [m] (Eq. 14b). 
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݀௭ȁ௜ ൌ ݀௭ሺ௙ሻȁ௜ െ ݀௦ǡ௥ȁ௜ (14a) 
ݔ௥ȁ௜ ൌ
݀௦ǡ௥ȁ௜
݀௭ሺ௙ሻȁ௜
 
(14b) 
 
This factor is used to calculate the final masses of soil solid, ܯ௦ǡ௣ȁ௜  [kg], soil 
liquid,ܯ௟ǡ௣ȁ௜ [kg], VAs in soil solid, ܽ௦ǡ௣ȁ௜ [kg], and VAs in soil liquid,ܽ௟ǡ௣ȁ௜ [kg], in the plough 
layer (Eq. 15a-d), plus the final masses of soil solid,ܯ௦ǡ௭ȁ௜ [kg], soil liquid,ܯ௟ǡ௭ȁ௜ [kg], VAs in 
soil solid, ܽ௦ǡ௭ȁ௜ [kg], and VAs in soil liquid,ܽ௟ǡ௭ȁ௜ [kg], in the sub-plough layer (Eq. 16a-d). Note 
that the factor ݔ௥ȁ௜ is used to recalculate liquid masses as well as solid masses; liquid mass is 
calculated as the water content of any given solid matrix.  
 The water content changes throughout the time step due to the addition of fertilizer liquid 
and the subtraction of runoff water, which have already been accounted for. However, other 
factors such as evapotranspiration and infiltration also affect the water balance, and must be 
accounted for in the hydrologically-based soil erosion model with which VANTOM is coupled. 
The changes that these processes effect on the final soil liquid mass in the plough layer and sub-
plough layer at the end of each time step are symbolised േ߂ܯ௟ǡ௣ȁ௜  [kg] and േ߂ܯ௟ǡ௭ȁ௜  [kg] 
respectively. 
 
ܯ௦ǡ௣ȁ௜ ൌ ܯ௦ǡ௣ሺ௙ሻȁ௜ െ ܯ௦ǡ௥ȁ௜ ൅ ݔ௥ȁ௜ ή ܯ௦ǡ௭ሺ௙ሻȁ௜ (15a) 
ܯ௟ǡ௣ȁ௜ ൌ ܯ௟ǡ௣ሺ௙ሻȁ௜ െ ܯ௟ǡ௥ȁ௜ ൅ ݔ௥ȁ௜ ή ܯ௟ǡ௭ሺ௙ሻȁ௜ േ ߂ܯ௟ǡ௣ȁ௜ (15b) 
ܽ௦ǡ௣ȁ௜ ൌ ௦ǡ௣ሺௗ௘௚ሻȁ௜ െ ܽ௦ǡ௥ȁ௜ ൅ ݔ௥ȁ௜ ή ܽ௦ǡ௭ሺௗ௘௚ሻȁ௜ (15c) 
ܽ௟ǡ௣ȁ௜ ൌ ܽ௟ǡ௣ሺௗ௘௚ሻȁ௜ െ ܽ௟ǡ௥ȁ௜ ൅ ݔ௥ȁ௜ ή ܽ௟ǡ௭ሺௗ௘௚ሻȁ௜ (15d) 
ܯ௦ǡ௭ȁ௜ ൌ ܯ௦ǡ௭ሺ௙ሻȁ௜ ή ሺͳെݔ௥ȁ௜ሻ (16a) 
ܯ௟ǡ௭ȁ௜ ൌ ܯ௟ǡ௭ሺ௙ሻȁ௜ ή ൫ͳെݔ௥ȁ௜൯ േ ߂ܯ௟ǡ௭ȁ௜ (16b) 
ܽ௦ǡ௭ȁ௜ ൌ ܽ௦ǡ௭ሺௗ௘௚ሻȁ௜ ή ሺͳെݔ௥ȁ௜ሻ (16c) 
ܽ௟ǡ௭ȁ௜ ൌ ܽ௟ǡ௭ሺௗ௘௚ሻȁ௜ ή ሺͳെݔ௥ȁ௜ሻ (16d) 
 
The effects of the fertilizer event, sorption, degradation and the runoff event have now 
been accounted for; equations 15a-d and 16a-d represent the consideration of the fertilizer, 
degradation and runoff terms of the total time step budgets for VAs and soil mass stated in 
equations 2a-d. The material mass and VA mass budgets are now complete. At the end of time 
step, values gained from all calculated budgets (solid soil mass, liquid soil mass, VA mass in 
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solid form and VA mass in liquid form) are transferred to the next time step where they become 
initial values in the new plough layer and new sub-plough layer. 
5.3.8 Concentrations 
In order to validate the masses of VAs in fertilizers, soils and transported materials that 
are predicted by VANTOM, they must be compared with the results of samples of fertilizers, 
soils and transported materials from the same study area that have been analysed for VAs. 
Sampling results are generally expressed as concentrations: mass of VA per unit mass of 
material. For this reason, major VANTOM results should also be expressed as concentrations. 
Samples of fertilizers are generally not split into solid and liquid parts, but analysed as a 
mixed substance. Concentrations of VAs found in fertilizer, ܥ௦ǡ௙ȁ௜  [kg kg-1], are therefore 
calculated in VANTOM by comparing the total mass of VAs in fertilizer, ܽ௙ȁ௜, to the total mass 
of fertilizer, ܯ௙ȁ௜ (Eq. 17a). Concentrations of VAs that are transported to surface water systems, 
ܥ௦ǡ௥ȁ௜ [kg kg-1] and ܥ௟ǡ௥ȁ௜ [kg kg-1], and accumulated concentrations of VAs in the plough layer, 
ܥ௦ǡ௣ȁ௜ [kg kg-1] and ܥ௟ǡ௣ȁ௜ [kg kg-1], can now be calculated per time step, in solid and liquid form, 
respectively (Eq. 17b-e). 
 
ܥ௙ȁ௜ ൌ
ܽ௙ȁ௜
ܯ௙ȁ௜
 (17a) 
ܥ௦ǡ௥ȁ௜ ൌ
ܽ௦ǡ௥ȁ௜
ܯ௦ǡ௥ȁ௜
 (17b) 
ܥ௟ǡ௥ȁ௜ ൌ
ܽ௟ǡ௥ȁ௜
ܯ௟ǡ௥ȁ௜
 (17c) 
ܥ௦ǡ௣ȁ௜ ൌ
ܽ௦ǡ௣ȁ௜
ܯ௦ǡ௣ȁ௜
 (17d) 
ܥ௟ǡ௣ȁ௜ ൌ
ܽ௟ǡ௣ȁ௜
ܯ௥௨௡௢௙௙ȁ௜
 (17e) 
 
Note that this assumes that all material and VAs which exit cells are transported to 
surface water systems. If this is not the case due to the cell size or particulars of the 
hydrologically-based soil erosion model with which VANTOM is coupled, calculations of the 
VA concentrations which enter channels must be reassessed. 
5.3.9 Choice of surface runoff-soil erosion model 
The choice of hydrologically-based soil erosion model with which VANTOM is coupled 
depends on the size of the study domain, the duration of the study period and the desired 
accuracy of results. If the study domain is large (the area of a region or country) and the study 
period is long (measurable in months or years), process models with low grid resolution, long 
time steps and generalised input data, such as PESERA (Pan European Soil Erosion Risk 
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Assessment, Kirkby et al., 2008), are applicable. These will produce generalised results which 
can act as indicators of high runoff and soil erosion hotspots and are therefore useful for gaining 
an overview of a large area before launching a more focused investigation.  
If the study domain is small (the area of a field or small river catchment) and the study 
period is short (measurable in single rainfall events), process models with high grid resolution, 
short time steps and area-specific input data, such as EUROSEM (European Soil Erosion Model, 
Morgan et al., 1998) or LISEM (Limburg Soil Erosion Model, De Roo et al., 1996), are 
applicable. These will produce more accurate runoff and soil erosion rates and are useful for 
predicting activity in areas of specific interest. 
When choosing a model, one must ensure that the model is capable of calculating both 
surface runoff and soil erosion as these are required input data for VANTOM. Large scale 
hydrology models (large river basin to global scale) such VIC (Variable Infiltration Capacity 
model, Liang et al., 1994) and MIKE-SHE (System Hydrologique European model, Refsgaard 
and Storm, 1995) estimate land surface hydrological processes but not soil erosion. They are 
therefore not applicable to VANTOM although linking them to existing process-based erosion 
models is a possibility. Similarly, empirical erosion models such as USLE (Universal Soil Loss 
Equation, Wischmeier and Smith, 1978) and its derivatives are used to calculate soil erosion over 
large areas, but as they are not built on a hydrological core, they do not calculate surface runoff. 
Such models are therefore not applicable to VANTOM. 
5.4 Case study 
A case study is presented in which VANTOM, coupled with the hydrologically-based soil 
erosion model PESERA, is used to predict the overland transport of the VAs sulfamethazine 
(SMZ) and tetracycline (TC) across the study area of Germany over a period of one year. SMZ 
and TC were chosen as they have been detected in agricultural soils and surface water samples in 
Germany (this thesis, Chapter 3; Bailey et al., 2015; Hamscher et al., 2005). SMZ was also 
recently identified as a global indicator of the VA group sulfonamides in livestock farming (Jekel 
et al., 2015).  
5.4.1 PESERA 
The model PESERA was chosen to be coupled with VANTOM, as it predicts runoff and 
soil erosion on a 1 km2 raster grid, which was appropriate for the large study domain (Germany). 
PESERA models runoff, soil erosion and all other related processes in time steps of one month. 
VANTOM was therefore programmed to compute soil and VA mass budgets over time steps of 
one month for a one year period. 
5.4.1.1 Approach 
Developed at the University of Leeds, U.K. by Kirkby et al. (2008), PESERA was 
designed to predict runoff-induced soil erosion across Europe. PESERA calculates runoff, 
 96 
ܴ [mm] using a simple storage model: runoff is equal to the amount of rainfall water minus an 
amount of water that is stored in the soil (known as threshold storage). Threshold storage is 
dependent on factors related to soil (texture and depth), vegetation cover, tillage (ploughing) and 
soil moisture status. The effects of snow coverage and frozen ground are considered. The 
occurrence of vegetation increases the threshold storage (reducing runoff), whereas the 
occurrence of soil surface crusting in areas not covered by vegetation decreases the threshold 
storage (increasing runoff). A biomass model is used to simulate vegetation growth, including 
the seasonal crop growth in response to water available in the soil.  
Sediment yield, ܻ [kg km-2 year-1] (the rate of eroded soil estimated at slope bases) is 
calculated as presented (Eq. 18)  
 
ܻ ൌ ԉ ή ܧ ή ܮ ή Ꮙ ή෍ܴଶ (18) 
 
using the ratio of slope base to average slope gradient, ԉ [-] (this accounts for the slope’s form, 
for example convexo-concave); slope erodibility, ܧ  [-] (this accounts for soil type, structure, 
cover and resistivity against erosion); slope length, ܮ [m] and the average slope gradient, Ꮙ [-].  
Whilst PESERA accounts for erosion caused by snowmelt and saturation overland flow, 
most of the soil erosion it calculates is caused by infiltration excess overland flow. PESERA 
does not account for wind erosion or deep gulley erosion. The sediment yield (eroded soil) which 
is carried to slope bases is presumed to always enter channels, not downslope neighbouring cells, 
due to large (1 km2) cell areas. Down-channel transportation of sediment is explicitly not 
modelled.  
5.4.1.2 Input data 
PESERA uses time-averaged input data from macro-scale databases: climate data from 
Monitoring of Agriculture with Remote Sensing (MARS), the British Atmospheric Data Centre 
(BADC) and the Hadley Centre Model (HADLEY); land use and crops data from CORINE Land 
Cover project, Farm Structure Survey (FSS) and the Planting Dates Database (PDD); soil 
parameter data from the European Soils Database and the Soil Geographical Database of Eurasia 
and topographical data from Global 30 Arc Second Elevation Data, Shuttle Radar Topography 
Mission and NextMap (Kirkby et al., 2008).  
5.4.1.3 Validation 
Although PESERA has not been validated across Germany, validation studies have been 
executed in Belgium and the Czech Republic, which are situated on either side of Germany, and 
show PESERA’s relative accuracy in predicting runoff-induced soil loss from agricultural areas. 
Validation was carried out by comparing rates of soil erosion predicted by PESERA to observed 
rates of soil erosion data in specific catchment areas in Belgium and the Czech Republic. Soil 
erosion was observed by monitoring sediment yield into reservoirs. In Belgium the observed 
average soil loss was 2.4 tonnes ha-1 yr-1; PESERA predicted an average soil loss of 
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5.9 tonnes ha-1yr-1. In Czech Republic, the observed average soil loss was 0.52 tonnes ha-1 yr-1; 
PESERA predicted a net soil loss of 0.14 tonnes ha-1 yr-1. PESERA therefore over-predicts 
sediment yield by a factor of 2 in Belgium but under-predicts sediment yield by a factor of 4 in 
the Czech Republic. However, the Pearson’s correlation coefficient was 0.64 for Belgium and 
0.95 for the Czech Republic (a coefficient of 1 would show perfect correlation between observed 
and predicted values). This shows that PESERA was, with acceptable accuracy, able to estimate 
the relative difference between levels of sediment yield within the catchments of interest (Van 
Rompaey et al., 2003) 
5.4.2 VANTOM input data 
VANTOM input data related to fertilizer and VAs are user defined. In this case, 
VANTOM is run for a time period of one year, which is divided into twelve time steps 
(݅௠௔௫= 12) of one month (߂ݐ௜= 28, 30 or 31 days, depending on the month). The year begins in 
January (݅ ൌ1) and ends in December (݅ ൌ12). Fertilizer is applied once during the year, in 
March (݅ ൌ3), and is applied uniformly across all agricultural fields in Germany. A total volume 
of 45 m3 km-2 fertilizer is applied (Hamscher et al., 2002), with a liquid content, ߔ௙ȁଷ , of 
0.95 m3 m-3 (Insam et al., 2015), solid density, ߩ௦ǡ௙, of 1400 kg m-3 and liquid density, ߩ௟ǡ௙, of 
1000 kg m-3 (this thesis, Chapter 4; Bailey et al., 2016). This means that the mass of fertilizer 
applied to fields in March, ܯ௙ȁଷ, is 4.59 x106 kg km-2. The plough depth, ݀௣, is 0.3 m; the initial 
sub-plough depth, ݀௭ȁ଴ is 0.02 m. 
The initial mass of both SMZ and TC in the plough layer, ܽ௦ǡ௣ȁ଴ and ܽ௟ǡ௣ȁ଴, and in the sub-
plough layer,ܽ௦ǡ௭ȁ଴ and ܽ௟ǡ௭ȁ଴, in solid and liquid form, respectively, is 0 kg m-3. The mass of 
both SMZ and TC in the applied fertilizer, ܽ௙ȁଷ, was set as 50 kg km-2. Input data related to VA 
behaviour in fertilizer (sorption coefficients) and in soil (soil coefficients and degradation 
constants) are taken from published literature (Table 5.1). 
Table 5.1. VANTOM input data: behaviour of sulfamethazine (SMZ) and tetracycline (TC) in 
fertilizer and soil (this thesis, Chapter 4; Bailey et al., 2016). 
Material Behaviour SMZ TC 
Fertilizer Sorption coefficient, ܭௗǡ௙ [kg kg-1] 1.28  4.22 
     
Soil Sorption coefficient, ܭௗǡ௣ [kg kg-1] in sandy soil 6.12  1537 
in clayey soil 11.45  2244 
Degradation constant in soil solid, ݇௦ [day-1] in sandy soil 0  0 
in clayey soil 0  0 
Degradation constant in soil liquid, ݇௟ [day-1] in sandy soil 0.08   0.07 
in clayey soil 0.05  0 
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VANTOM input data related to soil characteristics are taken from the same soil databases 
which provide PESERA with input data (European Soils Database and Soil Geographical 
Database of Eurasia, Kirkby et al., 2008). Soil porosity, ܲ, is 0.12 m3 m-3. Pore water density, ߩ௟, 
is 1000 kg m-³. Soil density, ߩ௦, ranges from 1400 to 1750 kg m-³. The erodible layer depth, ݀௘, 
ranges from 0 to 0.005 m. 
VANTOM input data concerning pore water levels, surface runoff and soil erosion are 
calculated by PESERA. Throughout one year, the soil pore water content, ߔ௜, ranges from 0.009 
to 0.173 m3 m-3, transported soil solid (eroded soil particles), ܯ௦ǡ௥ȁ௜ , ranges from 0 to 
14,370,927 kg km-2 and transported soil liquid,ܯ௟ǡ௥ȁ௜, ranges from 0 to 156,369 kg km-2 across 
Germany.  
 
5.4.3 VANTOM results and discussion 
5.4.3.1 Fate of VAs applied to soils in fertilizer 
VANTOM results are presented for SMZ (Fig. 5.7) and TC (Fig. 5.8), showing, as a percentage 
[%] of the initial mass of applied antibiotic and averaged across Germany over one year, (a) their 
presence in fertilizer ( തܽ௦ǡ௙ and തܽ௟ǡ௙) before application and (b) their fate following application, 
whether it be degradation ( തܽ௦ǡௗ௘௚ and തܽ௟ǡௗ௘௚), overland transport ( തܽ௦ǡ௥ and തܽ௟ǡ௥)  or accumulation 
in the plough layer ( തܽ௦ǡ௣ and തܽ௟ǡ௣), in solid and liquid form, respectively. The concentrations 
[ȝg kg-1] of VAs in fertilizer, ܥҧ௙; of VAs transported overland in soil solid, ܥҧ௦ǡ௥, and soil liquid, 
ܥҧ௟ǡ௥ ; and of VAs which accumulate in plough layer soil solid, ܥҧ௦ǡ௣ , and soil liquid, ܥҧ௟ǡ௣ , (all 
averaged across Germany over one year) are also presented (Fig. 5.9) and compared to 
concentrations found in published literature (this thesis, Chapter 2). 
Fig. 5.7 and Fig. 5.8 show that the majority of both VAs was found in the fertilizer liquid 
(93.64% for SMZ and 81.13% for TC). The proportion of TC in fertilizer solid (18.87%) was 
greater than the proportion of SMZ in fertilizer solid (6.36%) due to the higher fertilizer sorption 
coefficient, ܭௗǡ௙, that was implemented for TC (Table 5.1). The average concentrations of SMZ 
and TC in fertilizer, ܥҧ௙ , were calculated to be approximately 1×103 ȝg kg-1 = 1 mg kg-1 (Fig. 
5.9). In comparison, 2.8 – 9.2 mg kg-1 of SMZ (Spielmeyer et al., 2015) and 4 mg kg-1 of TC 
(Hamscher et al., 2002) were detected in German fertilizer: the order of magnitude is correct. 
Fig. 5.7 and Fig. 5.8 show that following the application of fertilizer to the plough layer, 
the majority of both VAs (99.34% of applied SMZ and 99.65% of TC) was found in the plough 
layer solid, indicating that VAs primarily accumulate on agricultural fields in solid form. The 
higher percentage found for TC was primarily due to the higher soil sorption coefficient, ܭௗǡ௣, 
that was implemented for TC (Table 5.1). 0.22% of the applied SMZ mass and 0.19% of the 
applied TC mass accumulated in the plough layer in liquid form over the year: these amounts 
may be transported to groundwater or absorbed by plants. Average concentrations in the plough 
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layer solid, ܥҧ௦ǡ௣, were calculated to be roughly 100 ȝg kg-1 for SMZ and 200 ȝg kg-1 for TC (Fig. 
5.9). In comparison, 110 ȝg kg-1 of SMZ (Karcı and Balcıo÷lu, 2009) and 181 mg kg-1 of TC 
(Hamscher et al., 2005) were detected in soil solid in published studies: this order of magnitude 
is therefore also correct. No comparison is available for average concentrations in plough layer 
soil liquid, ܥҧ௟ǡ௣: such values were not found in published literature (this thesis, Chapter 2). 
0.29% of the applied SMZ mass and 0.00% of the applied TC mass degraded over the 
year whilst in liquid form and 0.00% of either VA degraded whilst in solid form. This explains 
the large percentage of both VAs that accumulated in plough layer soil solid over the year, which 
reflects the findings of Hamscher et al. (2005), who found tetracyclines and sulfonamides in 
plough layer soil solids several years after fertilizer was applied. 
0.15% of the applied masses of both VAs were transported in solid form and 0.00% were 
transported in liquid form (very small amounts of both VAs, <0.01%, were actually found to be 
transported in liquid form). This implies that the majority of VAs transported to surface water 
systems are to be found in sediment, not water. Average concentrations in the transported soil 
solid, ܥҧ௦ǡ௥ , were calculated to be approximately 100 ȝg kg-1 for SMZ and 100 ȝg kg-1 for TC 
(Fig. 5.9). In comparison, 1.6 ȝg kg-1 of SMZ (Kim and Carlson, 2007) and 17.9 ȝg kg-1 of TC 
(Hamscher et al., 2005) were detected in sediment in published studies: this order of magnitude 
is therefore incorrect (by two orders of magnitude for SMZ and one order of magnitude for TC) 
and suggests that VANTOM overestimates VA transport in solid form. Average concentrations 
in the transported soil liquid, ܥҧ௟ǡ௥, were calculated to be approximately 0.4 ȝg kg-1 for SMZ and 
0.003 ȝg kg-1 for TC (Fig. 5.9). In comparison, 0.2 ȝg l-1 of SMZ (Christian et al., 2003) and 
0.02 ȝg kg-1 of TC (Kim and Carlson, 2007) were detected in surface water in published studies: 
this order of magnitude is therefore correct for SMZ but incorrect by an order of one for TC. 
This suggests that VANTOM underestimates TC transport in liquid form. 
The VANTOM results are difficult to validate across the whole of Germany, due to the 
time and cost associated with sample collection and analysis. It is anyway difficult to assess the 
accuracy of VANTOM by comparing calculated results to those found from sampling studies, 
due to the variability and uncertainty involved with sampling results. As discussed in this thesis, 
Chapter 2, the concentrations of VAs detected in samples taken from fertilizers, soils and surface 
water systems vary greatly with time and between samples (even those taken from the same 
sources). The sources of antibiotics detected in surface water systems are also often unclear (they 
may stem from human wastewater or runoff from agricultural land) and are subjected to dilution 
and dispersion during downstream routing within the surface water system. 
As the concentrations calculated by PESERA replicate those detected in real fertilizers 
and soils with good accuracy (same order of magnitude) and those detected in surface water 
systems with moderate accuracy (an error margin of between zero and two orders of magnitude), 
PESERA can be considered a useful tool for approximating the fate of VAs applied to 
agricultural land.  
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Fig. 5.7. VANTOM results: fate of SMZ in fertilizer after application to the plough layer 
(ήഥindicates a quantity of SMZ, expressed as a percentage of initial applied mass, averaged 
across Germany over one year). 
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Fig. 5.8. VANTOM results: fate of TC in fertilizer after application to the plough layer 
(ήഥindicates a quantity of TC, expressed as a percentage of initial applied mass, averaged across 
Germany over one year). 
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Fig. 5.9. Average concentrations [ȝg kg-1] of (a) SMZ and (b) TC in fertilizer, ܥҧ௙; transported 
solid, ܥҧ௦ǡ௥, and liquid, ܥҧ௟ǡ௥; and plough layer solid, ܥҧ௦ǡ௣, and liquid, ܥҧ௟ǡ௣, across Germany over 
one year. 
 
5.4.3.2 Temporal variation 
Following the application of fertilizer to agricultural soil in March, transported 
masses [kg km-2] of soil solid, ܯ௦ǡ௥ȁ௜, and soil liquid, ܯ௟ǡ௥ȁ௜, (which are calculated monthly by 
PESERA) carry VAs overland in solid form, ܽ௦ǡ௥ȁ௜, and liquid form, ܽ௟ǡ௥ȁ௜, (which are calculated 
monthly by VANTOM) to surface water systems (Fig. 5.10). Whilst the concentrations of these 
transported VAs (time-averaged across Germany over one year) have already been presented and 
discussed above, the temporal variation of the average masses transported across Germany is 
now presented, so that the months in which maximum transport occurs (in solid and liquid form) 
can be identified. The influence of VA degradation (which is time-dependent) on the masses 
which are transported can also be observed. 
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Fig. 5.10a shows that, across Germany, rates of transported soil solid were greatest in 
September. This is primarily due to the harvesting of crops (the soil’s protective cover is 
removed) and high rainfall. Fig. 5.10b shows that rates of transported soil liquid were higher in 
winter and spring months. This is primarily due to higher rainfall rates in those months, plus 
higher temperatures and hence higher rates of evapotranspiration in the summer months. 
Fig. 5.10c shows that VAs transported in soil solid reflected the temporal trend of the 
transported soil solid itself. The greatest masses of VAs in solid form across Germany were 
therefore transported in September. The masses of SMZ and TC which were transported in solid 
form were almost identical (a slightly greater mass of TC was actually transported) as they were 
present in the plough layer solid in very similar concentrations (Fig. 5.9). As the degradation 
constant in solid form, ݇௦ [day-1], was equal to zero for both VAs (Table 5.1), no degradation 
was observed throughout the year. Masses transported in soil solid were considerable larger than 
those transported in soil liquid, due to the majority of both VA masses sorbing to soil solids.  
Fig. 5.10d shows that the maximum transport of VA masses in soil liquid occurred in 
March, directly after the application of fertilizer. SMZ was transported in liquid form for three 
months following its application to fields; the transported masses decreased per month until the 
initial mass applied in liquid form had completely degraded. The rate of degradation was dictated 
by the implemented liquid degradation constants, ݇௟ [day-1]: 0.08 in sandy soil and 0.05 in clayey 
soil (Table 5.1). TC was transported in liquid form in very small masses throughout the year 
following its application to fields. The implemented liquid degradation constants were 0.07 in 
sandy soil and 0.00 in clayey soil (Table 5.1). For both VAs, the effect of the degradation rates in 
sandy and clayey soils is combined, as the results shown in Fig. 5.10d were averaged across 
Germany. 
Overall, results suggest that VAs may be transported to surface water systems throughout 
the year in solid form (primarily in September) and throughout the year in liquid form if 
degradation constants are very low or zero, as presented here for TC. If degradation constants are 
higher, as presented here for SMZ, transport in liquid form can be expected to only occur in the 
months directly following fertilizer application. A more detailed inspection into the effects of 
sandy and clayey soils on the degradation of SMZ and TC is recommended. 
5.4.3.3 Spatial variation 
Maps of Germany are presented (Fig. 5.11) to show the spatial variation in the masses of 
SMZ and TC that VANTOM predicts to be transported overland in months of maximum 
transport (September for VAs in solid form, March for VAs in liquid form). These figures show 
that VA transport to channels is possible within the drainage basins of all major German rivers, 
but particularly within those of the rivers Weser, Elbe and Danube. This result is compatible with 
the water and sediment sampling schemes which have been carried out in Germany and detected 
VAs in sediment samples from the River Elbe and water samples from agricultural streams in the 
River Weser catchment (this thesis, Chapter 3; Bailey et al., 2015). 
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Fig. 5.10. Average monthly masses [kg km-2] transported overland across Germany of (a) soil 
solid, ഥୱǡ୰ȁ୧, (b) soil liquid, ഥ୪ǡ୰ȁ୧, (c) VAs in soil solid, തୱǡ୰ȁ୧, and (d) VAs in soil liquid, ത୪ǡ୰ȁ୧. 
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Greater masses of SMZ than TC were transported in liquid form (due to lower sorption 
coefficients); conversely, greater masses of TC than SMZ were transported in solid form As VAs 
were applied in equal concentrations across the country, high VA transport rates were directly 
caused by high rates of transported soil solid or soil liquid. These are caused by steep topography 
(for example in the Alp foothills in southern Germany, in the Danube catchment) and areas that 
are exposed to frequent rainfall (for example in central Germany, in the Weser and Elbe 
catchments). The areas in which the highest masses of VAs are transported overland could be 
more accurately identified if the VANTOM input data regarding the concentration of VAs which 
are applied to fields reflected the spatial variance of VA usage across Germany more accurately. 
5.4.4 Analysis 
The accuracy of the results in this case study is affected by the accuracy of the user-
defined input data and the input provided by PESERA, all of which are acknowledged to be 
approximations. VANTOM results from this case study should therefore be treated as indicators. 
Results will be improved by increasing the accuracy of VANTOM input data, especially the 
masses of soil solid and liquid which are transported overland: PESERA validation studies 
suggest that calculated soil erosion rates have an error margin of up to a factor of four (Van 
Rompaey et al., 2003), which will affect the accuracy of VAs in transported soil solid by a factor 
of four. Data calculated by PESERA can be improved by refining the discretization of PESERA 
input data; for example, gathering data on a grid with cell areas of 250 m2 rather than 1 km2. 
The choice of user defined input data also strongly influences transported VA masses 
calculated by VANTOM, specifically VA behavioural constants (sorption coefficients and 
degradation constants). The influences of (a) multiple fertilizer applications per year, (b) the 
temporal and spatial variation of VAs in different fertilizer types across Germany and (c) plough 
depth on the masses of VAs which are transported overland should be investigated. The 
influence of selected VA behavioural constants on masses of transported VAs should also be 
investigated more closely, especially their influence on transport in areas of different soil type. 
5.5 Concluding remarks 
VANTOM calculates VA mass budgets across small or large domains for short or long 
time periods. No other model has been designed to do this, especially as VANTOM accounts for 
VA solid-liquid partitioning in fertilizer as well as soil. Characteristics of fertilizer and soil, plus 
changes to the soil water balance are accounted for. A case study is presented, in which the 
overland transport of the VAs sulfamethazine (SMZ) and tetracycline (TC) in solid and liquid 
form is approximated across the study area of Germany. VANTOM has not been validated 
across Germany, but the results presented in the case study correlate well with concentrations of 
SMZ and TC that have been detected in samples of fertilizer, soil, surface water and sediment in 
other published works.  
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Fig. 5.11. Maximum overland transport. Masses [kg km-2] of SMZ transported in (a) soil solid in 
September, ୱǡ୰ȁଽ, (b) soil liquid in March, ୪ǡ୰ȁଷ; masses of TC transported in (c) soil solid in 
September, ୱǡ୰ȁଽ, (d) soil liquid in March, ୪ǡ୰ȁଷ in Germany’s major river basins. 
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In order to validate VANTOM, the real behaviour and transport of VAs in different study 
areas should be measured and compared to simulations of their fate in the same study areas using 
VANTOM. The careful observation of VA management in controlled areas that are known to be 
at high risk of contamination or an artificially controlled testing area is therefore advised. 
Properties which should be measured (every month over a period of several years) are: the VA 
masses given to animals; the VA concentrations identified in animal excrement; the volumes of 
fertilizer applied to fields; plough depth; VA masses in soil solids and pore water; masses of 
runoff and soil erosion and the VAs therein. Factors that affect runoff and soil erosion such as: 
rainfall; temperature; field size and gradient; soil type; plough direction and crops types that are 
grown, their harvesting dates, leaf coverage and root depths should also be measured in order to 
assess the accuracy of runoff and soil erosion prediction methods.  
The effect of the sorption coefficients and degradation constants that are chosen and used 
as VANTOM input data significantly affect the form in which antibiotics are predicted to be 
found on the field and consequently transported. Further research into the long term degradation 
rates of VAs in different soil types is recommended so that the long term accumulation of VAs in 
plough layer solids and liquids and the overland transport therefrom can be assessed using 
VANTOM. Input data provided by PESERA (the masses of soil solid and liquid which are 
transported overland), is declared by its developers (Van Rompaey et al., 2003) to have an error 
margin of up to a factor of four, which will affect the accuracy of transported VAs by up to a 
factor of four. More accurate soil erosion and runoff data (potentially over a smaller study area 
that can be well validated) should be sourced in the future. 
Aside from the quality of input data, VANTOM offers approximate results due to some 
assumptions that are made in the processes that are modelled. For example, because fertilizer 
events and runoff events are separated by the fixed duration of one or more time steps, VA mass 
reductions due to degradation, which are time dependent, are affected. For higher accuracy, a 
sub-time step system could be introduced, so that fertilizer and runoff events can be flexibly 
placed at any temporal interval apart and the corresponding degradation losses calculated 
appropriately. The presented case study shows that SMZ in soil liquid degraded completely 
within three months; it is therefore possible to assess in which months of the year VAs exist and 
are transportable in soil liquid. Considering the approximate nature of the input data used in this 
case study, the finer accuracy which would be provided by using a sub-time step (i.e. in which 
days of the month VAs exist and are transportable in soil liquid) will not significantly alter the 
usefulness of the results. If more accurate results were required, either a sub-time step or shorter 
time steps (i.e. one week or one day) could be employed, in conjunction with more accurate 
input data. 
Another assumption is the effects of changes to the soil water balance during a time step. It 
is accounted for at the end of each time step but not accounted for continually throughout the 
time step and hence, VANTOM does not account for the downwards transport of VAs due to 
infiltration, the upwards transport of VAs due to evaporation or uptake through plants, nor the 
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lateral transport of VAs due to groundwater flow in the unsaturated layer. Again, based on the 
very small quantities of SMZ and TC that are calculated to be present in soil liquid in the case 
study, modelling these processes will not significantly alter generalised results and is therefore 
not necessary unless high accuracy is desired. 
Despite these conceptual assumptions and the highlighted inaccuracies of input data, 
VANTOM presents clear indications of VA transport and accumulation trends, which, in the 
presented case study, allowed surface water systems in Germany which are at high risk of VA 
contamination to be identified. VANTOM could be used calculate hotspots of VA contamination 
across other regions, countries or continents, if reliable input data is available.  
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6 The influence of fertilizer management on the transport of 
veterinary antibiotics by surface runoff and eroded soil 
 
6.1 Abstract 
Veterinary antibiotics (VAs) are applied to agricultural fields in excrement-based 
fertilizers, from where they are transported overland by surface runoff and the associated soil 
erosion, eventually contaminating surface water systems (water and sediment). They are 
considered to be an environmental contaminant due to their promotion of antibiotic resistance 
development. The overland transport of VAs is an emerging research field; the influencing 
factors are extremely under-researched and mitigation strategies have not yet been developed.  
The aim of this study was to investigate the effects of different fertilizer management 
variables on the masses of VAs which contaminate on agricultural fields and which are 
subsequently transported overland therefrom. The study area is Germany. The focus VA groups 
are sulfonamides and tetracyclines. The assessed fertilizer management variables are (1) fertilizer 
type, (2) fertilizer application (dates and volumes), and (3) the depth to which fertilizer is 
ploughed into agricultural fields.  
To assess the temporal distribution of VAs in different types of fertilizer, samples of dairy 
cow and pig excrement were collected monthly from German farms and analysed for their VA 
concentrations. Temporal distribution data of VAs in biogas plant digestate fertilizer were taken 
from published literature. The detection of VAs in fertilizers was highest in spring (birthing 
season) and in periods of cold and wet weather; presumably due to the higher administration of 
VAs to animals at these times of year. To apply fertilizer in these periods therefore increases the 
(potentially transportable) VA mass on fields. 
The model VANTOM was used to simulate the masses of VAs that are applied to 
agricultural fields in fertilizer, that are transported overland and that are accumulated on fields 
over time. VANTOM was coupled with the existing process model PESERA, which calculates 
the masses of runoff water and eroded soil (VA transporting bodies) in monthly time steps across 
Germany. 
VA overland transport is suspected to take place in trace quantities across Germany, 
primarily attached to soil particles in the basins of the rivers Meuse, Rhine and Danube. Worst-
case transport rates were accredited to fertilizer management scenarios involving the annular (as 
opposed to bi-annular) application of fertilizer and shallow ploughing. Whilst deep ploughing is 
therefore advisable to restrict overland transport, it promotes VA accumulation in soil, with 
possible adverse effects on soil biota and plants.  
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6.2 Introduction 
Awareness of the emergence of veterinary antibiotics (VAs) as an environmental 
contaminant is increasing (Kümmerer, 2010) due to their potential contamination of human 
drinking water (Ye et al., 2007) and food sources (Li et al., 2012), which may promote VA-
resistance formation in human bodies with adverse effects on human healthcare (Martinez, 2009; 
Sarmah et al., 2006). VAs are applied to agricultural land in excrement-based fertilizers and 
ploughed into the soil, from where they may be transported to groundwater via percolating water 
(Chee-Sanford et al., 2001; Hamscher et al., 2005), to surface water systems via runoff and soil 
erosion (this thesis, Chapter 3; Bailey et al., 2015; Davis et al., 2006), or to plants via 
transpiration (Boxall et al., 2006; Kumar et al., 2005). The objective of this chapter is to 
investigate the influence of fertilizer management on the severity of VA contamination in 
different environmental compartments, namely agricultural soil, runoff water and eroded soil. 
The study area is Germany, where considerable research into the environmental occurrence and 
behaviour of VAs has been conducted over the past two decades; for example: Hirsch et al., 
1999; Tolls, 2001; Hamscher et al., 2002; Christian et al., 2003; Thiele-Bruhn, 2003; Hamscher 
et al., 2004; Hamscher et al., 2005; Kemper, 2008; Kümmerer, 2008; Schauss et al., 2009; 
Hamscher and Mohring, 2012; Spielmeyer et al., 2014; Spielmeyer et al., 2015.  
In 2016, the Veterinary Antibiotic Transport Model (VANTOM) was released (this thesis, 
Chapter 5), which predicts the overland transport of VAs from agricultural fields in surface 
runoff and soil erosion.  
VANTOM operates by calculating changes to the soil solid-liquid composition of the 
plough layer of each cell (the depth to which fertilizer is ploughed) plus changes to the masses of 
VAs present in the plough layer soil solid and liquid per time step. Events and VA behavioural 
traits which effect soil and VA balances in the plough layer are modelled in each time step.  
A fertilizer event (the addition of a fertilizer mass and its subsequent ploughing into the 
soil) accounts for the addition of material (fertilizer solid and liquid, which both contain VAs) to 
the plough layer. The solid-liquid partitioning of the VAs in fertilizer is dictated by a fertilizer 
sorption coefficient. Following the ploughing of fertilizer into soil (which affects the solid-liquid 
composition of the soil), the solid-liquid partitioning of VAs in the plough layer soil is dictated 
by a soil sorption coefficient. Degradation of the VAs present in the soil solid and liquid is 
modelled throughout the time step using degradation constants. A runoff event (the occurrence of 
overland flow) accounts for the subtraction of material (soil solid and liquid, which both contain 
VAs) from the surface of the plough layer and again affects the solid-liquid composition of the 
soil (this thesis, Chapter 4; Bailey et al., 2016). 
To summarise, the balance of VAs within the plough layer throughout each time step is 
dictated by (a) the addition of VAs in a fertilizer event; (b) the change of VA solid-liquid 
partitioning due to sorption; (c) the subtraction of VAs due to degradation; (d) the subtraction of 
VAs in a runoff event. 
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The user must provide input data regarding the application of fertilizer (type, mass and 
yearly dates), the masses of VAs present in the fertilizer, the depth to which fertilizer is ploughed 
into agricultural fields and the behaviour of the VAs in fertilizer and in soil (sorption coefficients 
and degradation constants).  
VANTOM must be coupled with a hydrologically-based soil erosion model, which 
calculates the masses of material that are transported overland (VA transporting agents) in each 
time step. In this study, VANTOM is coupled with the Pan European Soil Erosion Risk 
Assessment model (PESERA; Kirkby et al., 2008). PESERA is a wide-scale process model 
which estimates soil erosion and surface runoff in monthly time steps. The coupling of 
VANTOM and PESERA makes it possible to predict VA overland transport and accumulation in 
Germany on a monthly basis. Data regarding fertilizer management in Germany were used as 
VANTOM input data to achieve the objective of this chapter. The fertilizer management 
variables whose influence will be investigated using VANTOM are (i) fertilizer type, (ii) 
fertilizer application (dates and volumes), and (iii) the depth to which fertilizer is ploughed into 
agricultural fields.  
6.3 Study Area 
6.3.1 Geographical information 
The study area of interest is the European country Germany, which has a population of 
80.7 million inhabitants and an area of 357,022 km2, making it seventh largest country by area in 
Europe and the 63rd largest in the world. Its elevation ranges from the mountains of the Alps in 
the south to the coastline of the North Sea in the northwest and the Baltic Sea in the northeast. 
The highest point is the summit of the Zugspitze mountain (2963 m above sea level) and the 
lowest point is in the Wilstermarsch district in northern Germany (3.54 m below sea level) (CIA, 
2015).  
Germany’s land drains into seven major European rivers: the Danube (length 2860 km, 
basin: 817,000 km2), Rhine (length 1,233 km, basin: 185,000 km2), Elbe (length 1,091 km, basin: 
148,268 km2), Meuse (length: 925 km, basin: 36,000 km2), Oder (length 854 km, basin: 
118,861 km2), Weser (length: 452 km, basin: 46,306 km2) and Ems (length: 371 km, basin: 
17,934 km2). The Danube, Rhine and Elbe in particular are used as inland shipping lanes. 
Germany has a temperate seasonal climate, which is moderated by the North Atlantic 
Drift; the northern extension of the Gulf Stream. Winter temperatures vary from west to east, 
with around freezing temperatures in the west and well below freezing in the east of Germany. 
Summer temperatures are typically between 20°C and 30°C, with more rainfall during summer 
months than winter months. Germany experiences an average of 789 mm precipitation per year. 
The Alpine regions in the extreme south and, to a lesser degree, some areas of the Central 
German Uplands have a mountain climate, with lower temperatures and greater precipitation 
(German Culture, 2012). 
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Germany’s land use is composed of 48% agricultural land (CIA, 2015). Germany’s most 
significant crops are cereals, vegetables (mainly potatoes) and oil plants (FAO, 2013). 
Germany’s livestock is comprised primarily of cows (12.7 million), pigs (28.1 million), and 
poultry (177.3 million). Sheep, goats and horses account for smaller percentages (Destatis, 
2014). 
6.3.2 Fertilizer Usage 
In Germany, fertilizers are applied in restricted amounts to agricultural fields one or more 
times per year, depending on the regularity of crop harvesting. They are ploughed into the soil to 
different depths, depending on the typical crop root depth, groundwater level and cost (De 
Liguoro et al., 2007; Grote et al., 2007; Martínez-Carballo et al., 2007). 
Most fertilizers in Germany come directly from the excrement of livestock cows and 
pigs, which collectively produce 254,000,000 m3 and 42,150,000 m3 of excrement per year, 
respectively. Poultry, sheep, goat and horse excrements contribute a smaller percentage (KTBL, 
2011). Approximately 14% of German animal excrement is used to feed biogas plants, alongside 
high-energy crops such as maize. Biogas plants produce the versatile gas methane during the 
fermentation process, making them a good source of renewable energy (Weiland, 2009). After 
the fermentation process, biogas plant digestate can also be used as fertilizer, and whilst it is 
currently used in smaller amounts across Germany than raw excrement, its use and hence 
influence is increasing. 8000 plants have been installed across Germany (Spielmeyer et al., 
2015), making it the largest biogas producing country in the world. The three fertilizers that will 
be investigated in this chapter are cow and pig excrement and biogas plant digestate, as they are 
considered to be the most influential to German soils both now and in the future.  
6.3.3 Fertilizer restrictions 
Fertilizer application restrictions are enforced by individual federal state-level regulations 
but are similar across the country. For example, in the German federal state of North Rhine-
Westphalia, fertilizer application is not permitted in winter months (exact dates differ per crop 
type); if the ground is frozen, snow-covered or saturated; if heavy rainfall is due or within 10 m 
of uncovered surface water systems (Landwirtschaftskammer, 2012). These restrictions aim to 
reduce the effects of fertilizer-based substance transport to surface water systems whereby 
resident species, as well as the amenities or services that these systems provide, are negatively 
affected. These substances include nutrients (which cause eutrophication; Smith et al., 1999), 
heavy metals (Mance, 1987) and VAs (Sarmah et al., 2006, and references therein). Whilst these 
restrictions may help to abate the magnitude of the overland transport of agricultural 
contaminants, they are not entirely successful as contaminants are still found in surface water 
systems (this thesis, Chapter 3; Bailey et al., 2015; Kolpin et al., 2002).  
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6.3.4 VAs in fertilizer 
A high percentage of the VA mass administered to livestock animals is detectable in 
animal excrement due to incomplete absorption into animals’ bodies; Kemper (2008) estimates 
that approximately 70% of VAs administered to animals are found in their excrement. VA 
concentrations in German fertilizers are generally detected in the microgram to milligram per 
kilogram range (Christian et al., 2003; Kemper et al., 2008; Spielmeyer et al., 2014). VA 
concentrations found in excrement vary with animal type, depending on the masses of VAs 
administered and the method of VA absorption in animal bodies. For example, dairy cows are 
typically administered fewer VAs than pigs or poultry to reduce the risk of milk contamination. 
The time of year is also expected to play a role in the masses of administered VAs; animals are 
given greater masses of VAs in long periods of cold or wet weather (these conditions induce 
illness), or during birthing season (spring months) (Spielmeyer et al., 2014). Concentrations 
found in biogas digestate vary depending on the types of excrement that are fed into the 
fermenter.  
6.3.5 Spatial and temporal distribution of VAs 
In 2013 in Germany, 1452 tonnes of VAs were sold to veterinarians and administered to 
animals. The spatial distribution of VA sales was published as the annual mass of VAs sold to 
each postcode region (Fig. 6.1). The greatest masses were sold in areas around the border of 
Lower Saxony and North Rhine-Westphalia. The most frequently sold VA groups were the 
penicillin, tetracycline, sulfonamide and macrolide groups; of the total mass of VAs 
(1,452 tonnes) sold in 2013, 33% (479 tonnes) were penicillins, 31% (450 tonnes) were 
tetracyclines, 10% (145 tonnes) were sulfonamides and 9% (131 tonnes) were macrolides (BVL, 
2014). It is unclear what masses of individual VAs within these groups were sold. The two 
groups that are most frequently detected in fertilizers, soils and other environmental 
compartments are tetracyclines and sulfonamides; VAs from other groups are presumed to 
degrade very quickly following their excretion from animals. 
By accounting for the percentage of the administered VA mass that is absorbed into the 
animals’ bodies, the annual mass of each VA group that is present in animal excrement in each 
German postcode region can be predicted. However, as it is known that different animals are 
administered different masses of VAs at different times of year, it cannot be assumed that the 
occurrence of VAs in different fertilizers is constant throughout the year. Knowledge of the 
temporal distribution of VAs in fertilizers throughout the year is required, so that the VA masses 
that are present in different fertilizers at times of fertilizer application (February – November) 
and that are consequently applied to fields can be determined.  
The spatial variation of VAs which are transported overland from fields is dictated by (a) 
the VA mass present on the fields before overland transport occurs, as described above, and (b) 
the masses of surface material which are transported overland (VA transporting agents). The 
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latter are calculated by PESERA and vary spatially due to the effects of climate, soil type, land 
use and topography.  
 
 
Fig. 6.1. Tonnes of veterinary antibiotics sold per postcode region across Germany in 2013. 
Graphic adapted from BVL (2014). 
6.4 Fertilizer sampling 
6.4.1 Introduction 
The role of the temporal variance of VAs in fertilizers has been underplayed in published 
literature. Most authors analyse samples of fertilizer for VAs at times when concentrations are 
expected to be high, namely in winter months (Kemper et al., 2008; Christian et al., 2003), not at 
times of fertilizer application. Sampling schemes of animals’ excrement that span a whole year 
or more are not available in published literature. Clear seasonal trends of the occurrence and 
magnitudes of different VAs in different animal excrements are therefore not apparent. In order 
to fill this knowledge gap and gain the necessary input data for VANTOM, dairy cow and pig 
excrement sampling has been conducted monthly on German farms over a period of one year. 
Published data is available regarding the temporal variation of VAs in German biogas plant 
digestate (Spielmeyer et al., 2015), and is presented below. 
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6.4.2 Method 
6.4.2.1 Dairy cow and pig excrement (sampling schemes) 
Excrement samples were collected from storage tanks beneath dairy cow and pig stalls, 
once per month for twelve months. Dairy cow excrement was collected from a farm in North 
Rhine-Westphalia, Germany, between July 2013 and June 2014. Pig excrement was collected 
from a farm in Hesse, Germany, between November 2013 and October 2014.  
Excrement samples (1 g) were kept in unused polyethylene containers (tetracyclines 
exhibit adhesion to glass), were chilled during transportation and stored in the dark at -20°C. The 
focus VA groups of this study are tetracyclines and sulfonamides as they are most regularly 
detected in fertilizer and environmental compartments around the world, due to their high usage 
and persistent behaviour (this thesis, Chapter 4; Bailey et al., 2016; BVL, 2014; Halling-
Sørensen et al., 2002). For example, the sulfonamide SMZ was recently identified as a global 
indicator for the application of sulfonamides in livestock farming (Jekel et al. 2015). Samples 
were therefore analysed for the following veterinary antibiotics: sulfachloropyridazine (SCP), 
sulfadiazine (SDZ), sulfadimethoxine (SDM), sulfaguanidine (SGD), sulfamerazine (SMR), 
sulfamethazine (SMZ), sulfamethoxazole (SMX), sulfamethoxypyridazine (SMP), sulfapyridine 
(SPY), sulfathiazole (STZ), tetracycline (TC), chlortetracycline (CTC), oxytetracycline (OTC), 
doxycycline (DTC) and trimethoprim (TPM).  
The antibiotics were extracted with good recoveries using a citrate buffer and a mixture 
of organic solvents (methanol, acetonitrile, dichloromethane) then analysed using liquid 
chromatography tandem mass spectrometry. Further details are given by Spielmeyer et al. 
(2014). The detection limit of these antibiotics in both excrement types ranged from 10 to 
80 µg kg-1. 
6.4.2.2 Biogas digestate (published data) 
Spielmeyer et al. (2015) have published data regarding the temporal trends of VA 
occurence in biogas digestate samples taken from two biogas plants; one in Hesse and one in 
Bavaria, Germany. In both cases, mixtures of (mainly pig) excrement and plants were fed into 
the biogas plants and left to ferment for three months. Samples were taken at the end of every 
three-month fermentation period in April, June and October 2013 and January 2014. Samples 
were transported, stored and analysed for VAs as stated above.  
6.4.3 Results 
In the excrement samples, only trace concentrations of VAs (below the limit of 
quantification) were detected (Table 6.1). In the dairy cow excrement, SMZ was detected in July, 
STZ in April, May, June and July and OTC in February, March and April; summarily in spring 
and summer months. In the pig excrement, SDM was detected in February, OTC in January, 
February, March, April, May, and October and CTC in January, February, March, April, May, 
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October, November and December; frequently throughout the year except for in the summer 
months. 
In the biogas digestate samples from Hesse, only trace concentrations (below the limit of 
quantification) were detected (Table 6.1). SDZ and CTC were detected at all four sampling time 
points (January, April, July and October) and TC was detected in October and January. In the 
biogas digestate samples from Bavaria, SDZ, SMZ, CTC and TC were detected in (at least) trace 
concentrations at all four sampling time points; quantifiable concentrations of SMZ and CTC 
were detected throughout the year. 
Table 6.1. Concentrations of veterinary antibiotics in sampled fertilizer in Germany [mg kg-1]. 
- below limit of detection 
<[number] = less than limit of quantification (given) but greater than limit of detection 
*SCP, SDZ, SGD, SMR, SMP, SMX, SPY, CTC, DTC, TPM 
**taken from Spielmeyer et al. (2015) 
 
6.4.4 Interpretation 
Of the four sampled fertilizer sources, the highest concentrations of VAs were found in 
biogas digestate from Bavaria. However, this does not mean that biogas plant digestate always 
possess greater concentrations of VAs than raw excrements; Spielmeyer et al. (2015) presented 
Fertilizer type Date  
[month/ year] 
Sulfonamides  Tetracyclines Other* 
SDM SDZ SMZ STZ CTC OTC TC 
Dairy cow 
excrement 
(North-Rhine 
Westphalia) 
07/ 13 - - <0.08 <0.1 
 
- - - - 
08/ 13 – 01/ 14 - - - - - - - - 
02/ 14 – 03/ 14 - - - - - <0.26 - - 
04/ 14 - - - <0.1 - <0.26 - - 
05/ 14 – 06/ 14 - - - <0.1 - - - - 
           
Pig excrement 
(Hesse) 
11/ 13 – 12/ 13 - - - - 
 
- - <0.28 - 
01/ 14 - - - - - <0.26 <0.28 - 
02/ 14 <0.02 - - - - <0.26 <0.28 - 
03/ 14 – 05/ 14 - - - - - <0.26 <0.28 - 
06/ 14 – 09/ 14 - - - - - - - - 
10/ 14 - - - - - - <0.28 - 
           
Biogas 
digestate 
(Hesse)** 
04/ 13 - <0.04 - - 
 
<0.35 - - - 
07/ 13 - <0.04 - - <0.35 - - - 
10/ 13 - <0.04 - - <0.35 - <0.28 - 
01/ 14 - <0.04 - - <0.35 - <0.28 - 
           
Biogas 
digestate 
(Bavaria)** 
04/ 13 - 0.2 5.2 - 
 
<0.35 - <0.28 - 
07/ 13 - <0.04 9.2 - 0.7 - <0.28 - 
10/ 13 - <0.04 3.8 - 0.5 - <0.28 - 
01/ 14 - <0.04 2.8 - 0.7 - <0.28  
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these two plants as worst case examples. The digestate from other biogas plants was also tested 
by Spielmeyer et al. (2014) with negative or lower returns. 
The trace detection of VAs in dairy cow excrement in spring and summer months reflects 
the recognised low administration rates of VAs to cows (Spielmeyer et al., 2014) and suits the 
practice in which VAs are only given to cows in birthing season to reduce milk contamination. 
The detection of tetracyclines in pig excrement throughout much of the year reflects the greater 
masses of VAs that are given to pigs. The very low rate of sulfonamide detection in the sampled 
pig excrement is incongruous with the frequent detection of sulfonamides in the biogas plant 
digestate (which was mainly influenced by pig excrement) and may therefore be considered 
unrepresentative of the average sulfonamide occurrence in pig excrement across Germany. The 
detection of VAs in biogas digestates indicates their year-round occurrence in these fertilizers. 
The peak concentrations of SMZ and CTC found in the Bavarian biogas plant digestate in July 
2013 and January 2014 indicate a high concentration of VAs in the excrement that was fed into 
those biogas plants three months earlier (April and October 2013, respectively). High VA usage 
in April of any year is attributable to birthing season. High VA occurrence in animal excrement 
in October 2013 is attributable to the wet summer of that year (Schröter et al., 2014); wet and 
cold weather promotes animal illness.  
The presented results of VA temporal trends in different fertilizers are limited in their 
usefulness as they only relay the presence of VAs from four fertilizer sources in Germany over 
twelve months. Accordingly, these results should be treated with caution; wide-scale, long-term 
sampling of multiple fertilizer types would be required in order to establish accurate temporal 
trends. However, the results are largely coherent with recognised yearly periods of high VA 
usage (birthing season and periods of cold and wet weather). They have therefore been 
interpreted into idealised trends for predicting the monthly division of sulfonamides and 
tetracyclines in different fertilizer types.  
6.4.5 Conclusion: temporal trends 
The total percentage of each VA group (sulfonamides and tetracyclines) found in 
fertilizer per year was divided between the months in which VAs were detected in each fertilizer 
type. For sulfonamides in cow excrement and for tetracyclines in cow and pig excrement, the 
total percentage (100%) of each VA group was divided equally between the months in which 
those VAs were detected in the correlating sampling scheme results (Table 6.1). As the results 
for sulfonamides found in pig excrement were deemed unrepresentative, the total percentage of 
sulfonamides in pig excrement was divided equally between every month of the year. The biogas 
plant digestate distributions were interpreted for each month of the year according to values of 
the quantifiable SMZ and CTC results (Fig. 6.2). 
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Fig. 6.2. Idealized monthly distributions of the total mass of sulfonamides (SA) or tetracyclines 
(TC) that are found in dairy cow excrement, pig excrement and biogas digestate in Germany per 
year. 
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If the total masses of sulfonamides and tetracyclines which are present in fertilizer over a 
whole year are known, then the monthly percentile distributions allow the masses of 
sulfonamides and tetracyclines which are present in cow excrement, pig excrement or biogas 
digestate to be calculated for any month of the year, which is necessary for predicting the masses 
of sulfonamides and tetracyclines which are applied to fields. For example, if a cow farmer knew 
what yearly mass of sulfonamides had been given to his cows and assumed that 70% of that mass 
was excreted by the cows (Sarmah et al., 2006), he could use Fig. 6.3a to predict that 0% of the 
excreted mass would be present in fertilizer in March, but 33% of the excreted mass would be 
present in fertilizer in June. By applying fertilizer in March instead of June, he could therefore 
avoid contaminating his fields with sulfonamides. 
This system of logic was used to predict the masses of sulfonamides and tetracyclines 
that are applied in different fertilizers to agricultural fields across Germany in different months 
of the year, which is later used as input data for VANTOM (see section 6.5: “Numerical 
Modelling”). Fig. 6.1 shows the spatial distribution of VA sales across Germany (BVL, 2014). In 
one postcode region, an average mass of 650 tonnes of VAs are sold per year; this region is taken 
as an example to show how VA masses in fertilizer were calculated for each postcode region 
across the whole country.  
If 650 tonnes of VAs are sold and presumably administered to animals in the example 
postcode region per year, of which 10% are sulfonamides and 31% are tetracyclines (BVL, 
2014), and 70% are excreted by animals (Sarmah et al., 2006), then the yearly masses of 
sulfonamides (Fig. 6.3) and tetracyclines (Fig. 6.4) which are found in raw excrement in that 
region can be predicted. If the excrement is fed into biogas plants, approximately 50% of 
sulfonamides and 67% of tetracyclines will be present in biogas digestate after fermentation 
takes place (Spielmeyer et al., 2015). 
The monthly distribution percentages shown in Fig. 6.2 can now be implemented in order 
to predict the masses of sulfonamides and tetracyclines which would be applied to agricultural 
fields in the postcode region in question if fertilizer were applied once per year in March (Fig. 
6.3a and Fig. 6.4a), or twice per year, in March and June (Fig. 6.3b and Fig. 6.4b). Note that if 
two fertilizer applications take place, the monthly distribution percentages from Fig. 6.2 are 
halved to account for the division of total masses of VAs. 
Masses that are calculated to be present in excrement are assumed to only exist for the 
allocated month; no accumulated mass is carried from one month to the next. This is fairly 
realistic, since the whole of the sulfonamide and tetracycline groups are under consideration. In 
the tetracycline group, the VA tetracycline is persistent over one month but chlortetracycline 
degrades in excrement within days. Similarly in the sulfonamide group, sulfamethazine is 
persistent over one month, but sulfamethoxazole degrades within days (this thesis, Chapter 4; 
Bailey et al., 2016; Dolliver et al., 2008; Winckler and Grafe, 2001). 
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Fig. 6.3. From sales to application: calculation process of masses of sulfonamides (SAs) in 
different fertilizers that are applied to fields in a German postcode region in (a) one yearly 
application in March and (b) two yearly applications in March and June. 
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Fig. 6.4. From sales to application: calculation process of masses of tetracyclines (TCs) in 
different fertilizers that are applied to fields in a German postcode region in (a) one yearly 
application in March and (b) two yearly applications in March and June. 
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6.5 Numerical Modelling 
6.5.1 Introduction 
In order to achieve the aim of this study (to investigate the effects of different fertilizer 
management variables on the masses of VAs which contaminate agricultural fields and which are 
subsequently transported overland therefrom), a quantity of scenarios were envisaged and run 
using VANTOM. The results were compared to find the worst-case scenario; the scenario which 
causes the overland transport of the greatest masses of sulfonamides and tetracyclines. Twenty-
four scenarios were specified and run for one year using VANTOM. The worst-case scenarios 
for sulfonamides and tetracyclines were then run for six consecutive years, in order to observe 
the long term effects of fertilizer application to agricultural fields.  
6.5.2 Scenario definition 
The three fertilizer management variables under investigation were (i) fertilizer type; (ii) 
fertilizer application; (iii) the plough depth. 
6.5.2.1 Fertilizer type 
Three fertilizer type choices were envisaged: dairy cow excrement, pig excrement and 
biogas digestate. In each VANTOM run, one fertilizer type was applied across all agricultural 
land in the study area (i.e. not a combination of the three types). The VA masses which were 
present in each fertilizer type varied spatially and temporally, based on the interpreted data in 
section 6.4: “Fertilizer sampling”. 
6.5.2.2 Fertilizer application 
Two fertilizer application choices were envisaged. Application choice A: a total volume 
of 45 m3 hectare-1 fertilizer was applied once per year in March; application choice B: the total 
volume was split between two application dates: 22.5 m3 hectare-1 fertilizer was applied in 
March and 22.5 m3 hectare-1 fertilizer was applied in June. The VA masses which were present 
in the fertilizers for both application choices were calculated in section 6.4: “Fertilizer sampling” 
(Fig. 6.3 and Fig. 6.4).  
Application dates affect the masses of potentially transported VAs due to the effects of 
weather: rainfall rates and soil crusting dictate the overland transport of VAs (this thesis, Chapter 
Two), and VA degradation in soil (this thesis, Chapter Four). Fertilizer may be applied one or 
more times per year in Germany, typically between February and November, depending on crop 
type (dates vary between federal states). If a crop is grown and harvested once per year, then 
fertilizer will be applied once per year, around March, before seeding takes place. If a crop is 
grown and harvested more than once per year, then fertilizer will also be applied several times 
per year, before seeding takes place (Landwirtschaftskammer, 2012). A maximum volume of 
30 - 50 m3 fertilizer per hectare may be applied per year (Hamscher et al., 2002); the exact 
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volume is determined by nutrient concentrations in specific fertilizers. The permitted volume 
may be split into one or more applications, depending on the needs of each farmer.  
6.5.2.3 Plough depth 
When fertilizer is applied to a field, it is ploughed into the soil to a specific depth. Two 
plough depth choices were envisaged: 30 cm and 15 cm. Plough depths of 25 - 30 cm are typical 
in Germany (De Liguoro et al., 2007; Grote et al., 2007; Martínez-Carballo et al., 2007); 15 cm 
was presented as a more extreme choice. The plough depth directly affects the masses of VAs 
that are present in the top (transportable) millimetres of the field and affects the solid-liquid 
partitioning of VAs throughout the plough layer (as determined in VANTOM by soil sorption 
coefficients). 
By combining the three fertilizer type and application choices, twenty-four scenarios 
were created (Table 6.2); twelve with which to examine the influence of fertilizer management 
on the overland transport of the sulfonamide group, and twelve on the tetracycline group. 
Table 6.2. Definition of 24 fertilizer management scenarios to be run in VANTOM. 
Scenario VA group Fertilizer type Application choice Plough depth, dp [cm] 
1 sulfonamides Cow excrement A 30 
2 sulfonamides Cow excrement A 15 
3 sulfonamides Cow excrement B 30 
4 sulfonamides Cow excrement B 15 
5 sulfonamides Pig excrement A 30 
6 sulfonamides Pig excrement A 15 
7 sulfonamides Pig excrement B 30 
8 sulfonamides Pig excrement B 15 
9 sulfonamides Biogas digestate A 30 
10 sulfonamides Biogas digestate A 15 
11 sulfonamides Biogas digestate B 30 
12 sulfonamides Biogas digestate B 15 
13 tetracyclines Cow excrement A 30 
14 tetracyclines Cow excrement A 15 
15 tetracyclines Cow excrement B 30 
16 tetracyclines Cow excrement B 15 
17 tetracyclines Pig excrement A 30 
18 tetracyclines Pig excrement A 15 
19 tetracyclines Pig excrement B 30 
20 tetracyclines Pig excrement B 15 
21 tetracyclines Biogas digestate A 30 
22 tetracyclines Biogas digestate A 15 
23 tetracyclines Biogas digestate B 30 
24 tetracyclines Biogas digestate B 15 
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6.5.3 Input data 
VANTOM was run for one year for each of the twenty-four scenarios defined above. In 
order to do so, the required input data were specified. All input data related to fertilizer and VAs 
were user defined. In all scenarios, fertilizer was assumed to have a solid density of 1400 kg m-3, 
a liquid density of 1000 kg m-3 (this thesis, Chapter 4; Bailey et al., 2016) and a liquid content of 
0.95 m3 m-3 (Insam et al., 2015). The sulfonamide and tetracycline masses that are present in the 
different fertilizer types and which are hence applied to agricultural fields as specified by 
fertilizer application choices A and B are presented in graphical form (Fig. 6.5), based on the 
calculations presented in section 6.4:“Fertilizer sampling” (Fig. 6.3 and Fig. 6.4). 
Input data related to VA behaviour in fertilizer (sorption coefficients) and in soil (soil 
coefficients and degradation constants) were taken from the results of this thesis, Chapter 4 
(Table 6.3). The sorption coefficients for sulfonamides and tetracyclines are the same in all three 
fertilizer types due to a lack of alternative data. The sorption coefficients and degradation 
constants are different for sandy and clayey soil, which will affect the masses of VAs transported 
from fields composed of each soil type. The higher sorption coefficients of VAs (particularly 
TCs) in clayey soil indicate that greater VA masses will sorb to clayey soil solid than sandy soil 
solid. The solid phase degradation constants of both VAs in both soils is equal to zero, indicating 
that no degradation will take place to VAs present in soil solids. The liquid phase degradation 
constants are higher in sandy soil, indicating that VAs will degrade more quickly in sandy soil 
liquid than clayey soil liquid. 
Table 6.3. VANTOM input data: behaviour of sulfonamides (SAs) and tetracyclines (TCs) in 
fertilizers and soils (this thesis, Chapter 4). 
Material Behaviour SAs TCs 
Fertilizer Sorption coefficient [kg kg-1] 1.28  4.22 
     
Soil Sorption coefficient [kg kg-1] in sandy soil 6.12  1537 
in clayey soil 11.45  2244 
Degradation constant in soil solid [day-1] in sandy soil 0  0 
in clayey soil 0  0 
Degradation constant in soil liquid [day-1] in sandy soil 0.08  0.07 
in clayey soil 0.05  0 
SAs = sulfonamides; TCs = tetracyclines 
VANTOM input data related to soil characteristics and surface material that is 
transported overland were either taken from PESERA input data sources or calculated by 
PESERA. Macro-scale data bases were used to provide PESERA with input data governing 
climate (Monitoring of Agriculture with Remote Sensing (MARS), British Atmospheric Data 
Centre (BADC) and the Hadley Centre Model); land use, crops, and planting dates (CORINE 
Land Cover project, Farm Structure Survey (FSS) and the Planting Dates Database (PDD)); soil 
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Fig. 6.5. VANTOM input data: masses of sulfonamides (SAs) and tetracyclines (TCs) applied to 
agricultural soils in investigated scenarios. 
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parameters (European Soils Database and Soil Geographical Database of Eurasia) and 
topography (Global 30 Arc Second Elevation Data, Shuttle Radar Topography Mission and 
NextMap) (Kirkby et al., 2008). 
The following VANTOM input data were therefore either taken from the above-
mentioned soil databases or calculated by PESERA using the contents of those databases. Pore 
water density was 1000 kg m-3. Soil porosity was 0.12 m3 m-3. Soil density ranged from 1400 to 
1750 kg m-3, soil pore water content ranged from 0.009 to 0.173 m3 m-3, transported soil solid 
(eroded soil particles) ranged from 0 to 14,370,927 kg km2 and transported soil liquid ranged 
from 0 to 156,369 kg km2 across Germany, throughout each year. 
6.5.4 Results and discussion 
6.5.4.1 Spatial and temporal averages 
The average masses (Fig. 6.6) and concentrations (Fig. 6.7) of VAs (calculated by 
VANTOM) that were transported overland to surface water systems in solid and liquid form 
from agricultural land across the study area of Germany in each of the above-defined twenty-four 
scenarios (Table 6.2) are presented. Average transported masses of sulfonamides were in the   
2 – 11 kg km-2 range (transported solid) and 0.001 – 0.1 kg km-2 range (transported liquid), 
giving average transported concentrations of sulfonamides in the 6×10-5 – 2×10-4 ȝg kg-1 range 
(transported solid) and 3×10-7 – 3×10-6 ȝg kg-1 range (transported liquid). Average transported 
masses of tetracyclines were in the 10 – 110 kg km-2 range (transported solid) and 2×10-3 – 
5×10 -2 kg km-2 range (transported liquid), giving average transported concentrations of 
tetracyclines in the 4×10-4 – 3×10-3 ȝg kg-1 range (transported solid) and 8×10-8 – 2×10-6 ȝg kg-1 
range (transported liquid).  
The worst case scenario for the overland transport of sulfonamides was scenario 4 (cow 
excrement, application scenario B, plough depth of 15 cm). The worst case scenario for the 
overland transport of tetracyclines was scenario 14 (cow excrement, application scenario A, 
plough depth of 15 cm). Trends suggest that the use of cow excrement cause the highest rates of 
VA overland transport (except in scenarios 1-2, where sulfonamides were not present in the 
applied fertilizer) followed by pig excrement and finally biogas degradation. Scenarios in which 
a shallower plough was implemented also show higher rates of transportation.  
In general, greater masses of VAs were transported in solid form than liquid form. This 
trend was more prevalent for transported tetracyclines than sulfonamides, which reflects the 
higher sorption coefficients that were used as VANTOM input data (Table 6.3). The average 
transported concentrations are extremely small (often below the pg kg-1 level). The European 
Agency of the Evaluation of Medicinal Products considered the concentration 0.1 ȝg l-1 to be a 
critical concentration for the occurrence of medicinal products in environmental compartments 
(Hamscher et al., 2005). The average concentrations of VAs transported overland to surface 
water systems do not therefore raise initial concern, although accumulation and hence the long-
term effects of VAs on ecological systems and humans should be considered. 
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Fig. 6.6. Spatial averages: masses of VAs [kg km-2] transported overland (solid and liquid form) 
across Germany, for 24 fertilizer management scenarios. 
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Fig. 6.7. Spatial averages: concentrations of VAs [ȝg kg-1] transported overland (solid and 
liquid form) across Germany, for 24 fertilizer management scenarios. 
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Fig. 6.8. Worst case scenarios: transported masses [kg km-2] of SAs (scenario 4) in (a) soil solid 
in September and (b) soil liquid in June; TCs (scenario 14) in (c) soil solid in September and (d) 
soil liquid in March, which enter channels in Germany’s major river basins.   
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6.5.4.2 Spatial variance  
The maximum masses of sulfonamides and tetracyclines transported overland across 
Germany in their respective worst-case scenarios (scenario 4 for sulfonamides and scenario 14 
for tetracyclines) are displayed visually in maps (Fig. 6.8) (the months presented are those in 
which the maximum masses of VAs were transported). Whilst VA transport occurs in low 
quantities across the majority of Germany, areas of greater transport can be seen in north-western 
Germany, in the basins of the rivers Meuse, Weser and Rhine, and in southern Germany, in the 
basins of the rivers Rhine and Danube. 
6.5.4.3 Temporal variance 
In order to examine temporal trends, the masses of VAs transported overland (in solid 
and liquid form) for each of the 24 scenarios are presented for two cells: one situated in sandy 
soil and one in clayey soil. This also allows the influence of the different sorption and 
degradation coefficients used in each soil type to be compared. Both cells are situated in Lower 
Saxony, Germany, approximately 20 km apart. They were chosen as they are situated in the 
region of the highest VA overland transport in Germany (Fig. 6.8); transport rates from these 
cells therefore present approximate worst-case transport rates in Germany. Both cells are situated 
on agricultural land. Their proximity to one another (inferring similar climatic conditions) means 
that the masses of soil solid transported from these cells are similar through the year (Fig. 6.9).  
 
Fig. 6.9. VANTOM input data: masses of soil (a) solid and (b) liquid transported overland. 
The rates of transported soil solid are greatest in autumn due to the harvesting of crops 
(the soil’s protective cover is removed) and high rainfall. The rates of transported soil liquid are 
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fairly constant throughout the year, dipping in late summer/ early autumn due to higher rates of 
evapotranspiration (the total mass of pore water present in the plough layer is therefore lower at 
this time of year). 
The results of the 24 scenarios (twelve predicting the overland transport of sulfonamides 
in sandy soil (Fig. 6.10) and clayey soil (Fig. 6.11) and twelve predicting that of tetracyclines in 
sandy soil (Fig. 6.12) and clayey soil (Fig. 6.13) are presented from the above-mentioned cells. 
The transport of a VA (or lack of) was dependent on the presence of that VA in fertilizer 
when it was applied to the field (Fig. 6.5); in some scenarios VAs were not applied to fields (and 
hence not transported) at all. In general, greater masses of both VA groups were transported to 
surface water systems in solid form than liquid form. Temporal trends of VAs transported in soil 
solid mimicked the trends of the transported soil solid itself (Fig. 6.9). Temporal trends of VAs 
transported in soil liquid showed a decrease with time which are dictated by the soil liquid 
degradation constants (Table 6.3).  
Greater masses were transported from areas of clayey soil and greater masses of 
tetracyclines than sulfonamides were transported for all fertilizer types; both trends are due to the 
implemented sorption coefficients (Table 6.3). The fertilizer type whose use caused the greatest 
overland transport of VAs was cow excrement, followed by pig excrement and then biogas 
digestate; this reflects the trend shown by the spatially and temporally averaged transported 
masses across Germany (Fig. 6.6). When a shallower plough depth of 15 cm was employed 
instead of the deeper plough depth of 30 cm, the masses of VAs transported by soil erosion rose 
by a factor of approximately two and those transported by surface runoff rose by a factor of 
approximately three. 
6.5.4.3.1 Transport of sulfonamides (scenarios 1 – 12) 
According to Fig. 6.5, sulfonamides are not present in cow excrement in March, hence 
when application choice A was implemented (Fig. 6.10a & c and Fig. 6.11a & c), no 
sulfonamides were transported for these scenarios (1-2). However, sulfonamides were present in 
cow excrement in June, hence when application choice B was implemented (Fig. 6.10b & d and 
Fig. 6.11b & d), sulfonamides were transported for these scenarios (3-4).  
For pig excrement, the masses of sulfonamides applied in March when application choice 
A was implemented were double the masses applied in both March and June when application 
choice B was implemented (Fig. 6.5). For biogas digestate, the masses of sulfonamides applied 
in March when application choice A was implemented were double the masses applied in March 
when application choice B was implemented. However, in the case of biogas digestate, greater 
masses of sulfonamides were applied in June than in March due to temporal weighting (Fig. 6.2). 
Consequently, while the soil solid transport of sulfonamide masses stemming from pig 
excrement in September were approximately equal for application choices A (scenarios 5-6) and 
B (scenarios 7-8), the soil solid transport of sulfonamide masses stemming from biogas digestate 
in September were greater for application choice B (scenarios 11-12) than A (scenarios 9-10).  
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For all scenarios in which fertilizer contains sulfonamides, transport in soil liquid took 
place after fertilizer application for three to four months in sandy soil and two months in clayey 
soil. After this time, sulfonamides present in soil liquid had degraded, so no further masses were 
transported. For application scenario B (Fig. 6.10d and Fig. 6.11d), greater masses of 
sulfonamides were transported in soil liquid in June than March, which may seem illogical as (in 
the case of pig excrement application) equal masses of sulfonamides were applied at both dates, 
but the increase in June is in fact due to sulfonamide desorption from soil solid, which occurs 
when a fertilizer application increases the liquid content of the soil. 
The greatest transport of sulfonamides in soil solid occurred in September in both 
application choice scenarios. The greatest transport of sulfonamides in soil liquid occurred in 
March for application choice A and in June for application choice B. The worst case scenario for 
the transport of sulfonamides at the investigated location was scenario 4 (cow excrement, 
application choice B, plough depth of 15 cm), which reflects the worst case scenario for the 
spatially and temporally averaged transported masses across Germany (Fig. 6.6). This resulted in 
a maximum transport of approximately 1150 kg km-2 of sulfonamides in transported soil solid 
(both sandy and clayey) in September and 12.0 kg km-2 of sulfonamides in transported soil liquid 
from clayey soil in June. 
6.5.4.3.2 Transport of tetracyclines (scenarios 13 – 24) 
According to Fig. 6.5, tetracyclines were not present in cow or pig excrement in June, 
hence when application choice B was implemented (scenarios 15-16 and 19-20, respectively: 
Fig. 6.12b & d and Fig. 6.11b & d), the total masses of tetracyclines which were both applied 
and transported (in solid form) were approximately half of those applied and transported (in solid 
form) when application choice A was implemented (scenarios 13-14 and 17-18, respectively: 
Fig. 6.12a & c and Fig. 6.11a & c). As the total masses of tetracyclines applied in biogas 
digestate are approximately equal between application choices A (scenarios 21-22) and B 
(scenarios 23-24), the total masses of tetracyclines which are transported in solid form are also 
approximately equal. 
Tetracycline transport in soil liquid took place after fertilizer application for 2 months in 
sandy soil (after which time tetracyclines present in soil liquid had degraded, so no further 
masses were transported), but throughout the remainder of the year in clayey soil. This was 
because the degradation constant for tetracyclines in clayey soil liquid was set to zero (Table 
6.3); the temporal decrease in transported tetracycline mass was due to the reduction in 
tetracycline mass in the soil liquid per time step due to overland transport (meaning that less was 
available to be transported in the following time step, and so on).  
For application scenario B (Fig. 6.12d and Fig. 6.11d), the addition of fertilizer in June 
caused an increase in the mass of tetracyclines transported in liquid form, even though there were 
no tetracyclines in the fertilizer. This was due to tetracycline desorption from the soil solid, 
which occurred when a fertilizer application increased the liquid content of the soil. 
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Fig. 6.10. Maximum masses of sulfonamides (SAs) [kg km-2] transported overland across 
Germany in sandy soil over one year in (a) soil solid, application choice A, (b) soil solid, 
application choice B, (c) soil liquid, application choice A, (d) soil solid, application choice B. 
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Fig. 6.11. Maximum masses of sulfonamides (SAs) [kg km-2] transported overland across 
Germany in clayey soil over one year in (a) soil solid, application choice A, (b) soil solid, 
application choice B, (c) soil liquid, application choice A, (d) soil solid, application choice B. 
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Fig. 6.12. Maximum masses of tetracyclines (TCs) [kg km-2] transported overland across 
Germany in sandy soil over one year in (a) soil solid, application choice A, (b) soil solid, 
application choice B, (c) soil liquid, application choice A, (d) soil solid, application choice B. 
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Fig. 6.13. Maximum masses of tetracyclines (TCs) [kg km-2] transported overland across 
Germany in clayey soil over one year in (a) soil solid, application choice A, (b) soil solid, 
application choice B, (c) soil liquid, application choice A, (d) soil solid, application choice B.
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The greatest transport of tetracyclines in soil solid occurred in September in both 
application choice scenarios. The greatest transport of tetracyclines in soil liquid occurred in 
March in both application choice scenarios. The worst case scenario for the transport of 
tetracyclines at the investigated location was scenario 14 (cow excrement, application choice A, 
plough depth of 15 cm), which reflects the worst case scenario for average transported masses 
across Germany. This resulted in a maximum transport of approximately 9500 kg km-2 of 
tetracyclines in transported soil solid (both sandy and clayey) in September and 3.3 kg km-2 of 
tetracyclines in transported soil liquid from clayey soil in March.  
6.5.4.4 Long-term trends 
In order to observe and compare the long term effects of accumulation of sulfonamides 
and tetracyclines in sandy and clayey soil and the associated overland transport therefrom, 
scenario 4 and scenario 16 (which combined the effects of cow excrement, application choice B, 
plough depth of 15 cm for sulfonamides and tetracyclines, respectively) were run using 
VANTOM, over six consecutive years. The presented results are given for the two above-
mentioned cells, one situated in sandy soil (Fig. 6.14) and one in clayey soil (Fig. 6.15), and can 
therefore be assumed to show cases of maximum VA accumulation in Germany. 
The masses of VAs which accumulated in soil solid and liquid on the field, and which 
were consequently transported in solid and liquid form therefrom, increased with time. After six 
years of application, the mass of accumulated and transported sulfonamides (in both sandy and 
clayey soil) was approximately 5.6 times higher than the mass after one year; the mass of 
accumulated and transported sulfonamides transported in soil liquid was approximately 6.4 times 
higher. In comparison, the mass of accumulated and transported tetracyclines in soil solid (in 
both sandy and clayey soil) was approximately 5.5 times higher than the mass after one year; the 
mass of accumulated and transported tetracyclines in soil liquid was approximately 6.3 times 
higher. This suggests that VA masses in soil solid increase by decreasing amounts per year, 
whilst those in soil liquid increase by increasing amounts per year. 
This is due to the long-term effects of sorption. As the VA mass in the soil solid 
accumulates over time (due to repeated fertilizer application and no degradation), a lower mass 
sorbs to the soil solid and a greater mass enters the soil liquid with each successive fertilizer 
application in order to maintain a balanced solid-liquid partitioning relationship. This could 
eventually lead to a saturation of the soil solid, meaning that all subsequently applied VAs would 
be mobile on the field (and liable to transportation) in liquid form. This also explains the yearly 
increase in VAs both accumulated and transported in liquid form (Fig. 6.14b & d and Fig. 6.15b 
& d), despite complete degradation in the months following fertilizer application. Only 
tetracyclines in clayey soil liquid do not degrade (the implemented degradation constant was 
zero (Table 6.3); their mass in accumulated soil liquid only decreases due to the subtraction of 
transported masses (Fig. 6.15b). This means that tetracyclines are transportable from clayey soils 
in liquid form throughout the year (Fig. 6.13c-d, Fig. 6.15d).  
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Fig. 6.14. Long term effects of applying cow excrement to sandy fields (application choice B, 
plough depth 15 cm) on the accumulation in (a) solid form and (b) liquid form plus the overland 
transport in (c) solid form and (d) liquid form of the sulfonamide and tetracycline groups. 
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Fig. 6.15. Long term effects of applying cow excrement to clayey fields (application choice B, 
plough depth 15 cm) on the accumulation in (a) solid form and (b) liquid form plus the overland 
transport in (c) solid form and (d) liquid form of the sulfonamide and tetracycline groups. 
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6.5.5 Analysis 
6.5.5.1 Generalisations  
The results shown are strongly dictated by three categories of VANTOM input data: (a) 
the masses of VAs present in fertilizer when it is applied, (b) VA behavioural constants in 
different soil types (sorption coefficients and degradation constants) and (c) the masses of soil 
solid and liquid which are transported overland (calculated by PESERA). 
 The input data used in this study (in all three categories) is acknowledged to be highly 
generalised. The masses of VAs present in all applied fertilizer types were calculated from a 
limited combination of sampling scheme results and published literature and may not be 
representative for VA masses present in different fertilizers across the whole of Germany. The 
identification of cow excrement as the fertilizer which causes the greatest rates of transported 
VAs should be treated with particular caution until more accurate data becomes available, as cow 
excrement is generally considered to contain lower masses of VAs than pig excrement 
(Spielmeyer et al., 2015). 
 The VA behavioural constants were taken from one set of laboratory experiments (this 
thesis, Chapter 4; Bailey et al., 2016). Those experiments were performed over a period of one 
month, not one year, meaning that degradation constants (particularly in soil solid) may be 
incorrect (in this study, no degradation was assumed to take place in either sandy or clayey soil 
solid). Very slow degradation rates would reduce the masses of VAs that were both accumulated 
and transported in solid form. However, the accumulation trends presented in this study are not 
entirely incorrect: Hamscher et al. (2005) state that in a field test conducted over several years in 
Germany, chlortetracycline, sulfadiazine and sulfamethazine were found to persist for several 
years in soil solid (this thesis, Chapter 2).  
 The masses of transported soil and liquid calculated by PESERA are also acknowledged 
to be generalised as they are computed with low spatial and temporal distribution (1 km2 cell 
areas; 1 month time steps). PESERA validation test results in Germany have shown an error 
margin of up to a factor of four from the calculated results (Van Rompaey et al., 2003). This 
means that VA masses calculated by VANTOM may also be incorrect by a factor of four. While 
this creates uncertainty in specific results, it does not change the order of magnitude of most 
presented results. 
Considering these input data generalisations, plus simplifications of processes which are 
made by VANTOM itself (this thesis, Chapter 5), the results presented for the 24 scenarios in 
this study should instead be considered as example cases of environmental contamination, the 
results of which may occur in reality if the scenario criteria are matched. A clearer appreciation 
of VA trends (and their influencing factors) can also be observed, which have been discussed but 
never published visually before. 
 141 
6.5.5.2 Trends 
Three general trends can be identified related to the partitioning of VAs between soil 
solid and soil liquid when fertilizer is applied. Firstly, greater masses of VAs are accumulated in 
soil solid, and hence transported from field surfaces in soil solid, than in soil liquid. This is due 
to the strong sorption of VAs to soil solids (this thesis, Chapter 4; Bailey et al., 2016); 
tetracycline sorption is stronger than sulfonamide sorption.  
Secondly, the addition of liquid to the field increases the mass of VAs in soil liquid. This 
is due to the constant sorption coefficient, ܭௗ , which dictates that the relationship between 
concentrations of VAs in soil solid and soil liquid must remain constant; the addition of liquid to 
a soil volume therefore causes the desorption of VAs from solid particles. Similarly, when the 
plough depth is reduced, but the same mass of (mainly fluid) fertilizer is applied, a greater mass 
of VAs will be found in the soil liquid (in this study, the VA mass in the soil liquid rose by a 
factor of three when the plough depth was reduced by a factor of two). 
Thirdly, when observing the effects of six consecutive years of fertilizer application, it 
becomes clear that masses of VAs found in solid and liquid form (both transported and 
accumulated) are not six times greater than those found after one year. VAs in solid form 
accumulate by decreasing masses per year. The VAs in liquid form accumulate by increasing 
masses per year. This trend is also dictated by the constant sorption coefficient, ܭௗ . 
Trends specific to German input data are also observable. The time of year in which 
different fertilizer types are applied to agricultural land has a critical influence on the 
accumulation and overland transport of sulfonamides and tetracyclines. Most importantly, if VAs 
are not present in a fertilizer type during some months of the year, then the application of that 
fertilizer during these months prevents the entry of VAs into the environment. For example, 
tetracyclines were present in cow excrement in March but not in June; environmental 
contamination by tetracyclines could therefore be avoided by applying fertilizer in June or 
reduced by applying it in lower quantities in both March and June. It is therefore in the interest 
of environmental agencies to advise farmers when individual VAs will be present in their 
fertilizers (more knowledge on the losses of VAs to animals’ bodies and subsequent degradation 
is required), so that farmers can judge when fertilizers are least contaminated and apply them to 
fields accordingly. However, the occurrence and influence of other fertilizer-based entities such 
as nutrients and heavy metals must also be considered before fertilizer application guidelines are 
changed.  
VANTOM also predicts that the highest rates of VA transport occur around the boundary 
of Lower Saxony and North-Rhine Westphalia (which reflects the high sales of VAs (BVL, 
2014) and the previous detection of VAs in surface water systems in this region (this thesis, 
Chapter 3; Bailey et al., 2015) plus from other regions in southern Germany where high masses 
of surface runoff and soil erosion were calculated by PESERA. The contamination of surface 
water systems is most likely in these areas, which are located within the basins of the rivers 
Meuse, Weser, Rhine and Danube. It is therefore possible that contaminated sediment and water 
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is carried across country borders (into Belgium, the Netherlands and Austria) via downstream 
routing. 
6.6 Concluding remarks 
The objective of the chapter was to determine the effects of (i) fertilizer type, (ii) fertilizer 
application and (iii) plough depth on the overland transport of sulfonamides and tetracyclines 
across the study area of Germany. Results suggest that maximum VA overland transport occurs 
when all fertilizer types are ploughed to a depth of 15 cm; higher rates of transport occur at 
different times of year depending on the VA mass in fertilizer when it is applied. 
Knowledge has been gained regarding trends of VA behaviour on fields which can be 
applied to study domains both inside and outside of Germany. The majority of VAs accumulate 
in soil solid. Long term trends indicate that VAs accumulate in soil solid at decreasing rates per 
year and in soil liquid at increasing rates per year due to constant solid-liquid partitioning 
coefficients. The addition of fluid to contaminated soil increases the mass of VAs in soil liquid 
due to the desorption of VAs from soil solid.  
Sulfonamides generally pose a lesser threat to the environment than tetracyclines due to the 
proportion of the applied mass which is present on the field in soil liquid and which subsequently 
degrades completely. Tetracyclines accumulate much more quickly than sulfonamides in soil 
solid (due to higher sorption rates) but also persist in clayey soil liquid due to their low 
degradation rates therein. This means that in areas of clayey soils, tetracyclines are mobile in 
liquid form throughout the year and persist in their final destination, be it surface water systems, 
groundwater or plants. This suggests that the influence of tetracyclines on the environment is 
higher than sulfonamides.  
In order to reduce VA environmental contamination (particularly to agricultural soils, 
where the majority of VAs accumulate), it is essential to reduce the masses of VAs which are 
applied to fields in fertilizers. This can be achieved by changes to fertilizer management. Most 
importantly, fertilizer should not be applied at times of year when peak masses of VAs are 
present. This will predictably occur around birthing season (in the spring months); fertilizer 
should therefore be applied before this season begins. If possible, the excrement from animals to 
which VAs are administered should not be applied to fields. Biogas digestate is preferable as a 
fertilizer than raw excrement, as VAs degrade during the fermentation process (Spielmeyer et al., 
2015); lower VA masses are therefore applied to soil. The increased utilisation of biogas plants is 
recommended as both an energy source and a source of less contaminated fertilizer.  
Further research into the temporal occurrence of VAs in different fertilizers, plus the effects 
of biogas fermentation on VA degradation is recommended. Within Germany, the analysis of 
water and sediment from surface water systems in identified areas of high transport is 
recommended, plus the analysis of flora (especially crops) and fauna in agricultural areas 
affected by high VA usage.  
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7 The overland transport of veterinary antibiotics: a synthesis 
 
7.1 Introduction 
Hundreds of thousands of tons of antibiotics are used globally in livestock medicine 
every year (Wise, 2002). Veterinary antibiotics (VAs) are used to treat infections caused by 
bacteria, parasites and fungi (WHO, 2014). When VAs are administered to animals, 50 – 90% of 
their mass is not absorbed into the body and is consequently found in animal excrement (Sarmah 
et al., 2006, and references therein). By applying animal excrement to fields as fertilizer, VAs are 
introduced to soil and pore liquid. They may consequently be transported to groundwater via 
infiltration (Hamscher et al., 2005), plants via evapotranspiration (Boxall et al., 2006) or surface 
water systems (water and sediment) via overland transport (Davis et al., 2006) from where they 
may be transferred to drinking water (Ye et al., 2007), flora and fauna (Li et al., 2012). Via 
drinking water and the food chain, VAs may be ingested by humans. This is a health risk due to 
the consequent promotion of VA-resistance formation in human bodies (Sarmah et al., 2006, and 
references therein). 
The agricultural VA transport route that has been most highly scrutinised around the 
world is the vertical transport of VAs from agricultural soils to groundwater (a drinking water 
source) via infiltrating precipitation water. The VA transport route that has received significantly 
less global attention is the overland transport route: the transport of VAs from agricultural fields 
to surface water systems in surface runoff and eroded soil particles. Consequentially, the 
research presented in this thesis has been conducted with the objective of predicting the overland 
transport of veterinary antibiotics. This was achieved by conceptualising the whole VA overland 
journey as a series of connected steps; starting with the application of VAs to fields in fertilizer, 
ending with VA residence in surface water systems and accounting for VA behaviour in host 
materials along the route. The chosen study area was Germany.  
This aim of this final chapter is firstly to summarise the research presented in this thesis, 
highlighting the aims and relevance of each study and the knowledge that was gained as a result 
of each one. The connections between the separate chapters are stressed and the conclusions 
which can be gathered from the compiled studies are stated. The limitations of the presented 
research are subsequently discussed and recommendations for future studies are given. 
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7.2 Summary and synthesis of presented work 
7.2.1 Structure 
The thesis was divided into five interconnected studies, Chapter 2 – 6 (Fig. 7.1). 
 
Fig. 7.1. Diagrammatic conception of thesis structure. 
x A literature review was conducted to determine and critically review the current state of 
global research into the overland transport of VAs (Chapter 2). 
x Water and sediment sampling schemes were conducted within Germany to assess VA 
surface water system contamination within the chosen study area (Chapter 3). 
x Laboratory experiments were conducted to determine the solid-liquid partitioning and 
degradation of VAs in fertilizer and soil (Chapter 4). 
x The theory of the Veterinary Antibiotic Transport Model (VANTOM) was presented; a 
model was designed to simulate the masses of VAs which are applied, transported to 
surface water systems and accumulated on agricultural land across a study area over a 
time period (Chapter 5). 
x The influence of fertilizer management on VA overland transport in Germany was 
investigated using VANTOM. Rates of runoff and soil erosion (VA transporting agents) 
 145 
across Germany were provided by coupling VANTOM with the Pan European Soil 
Erosion Risk Assessment (PESERA), an existing process model (Chapter 6). 
7.2.2 Literature review (Chapter 2) 
The aim was to determine and critically assess the current state of scientific knowledge 
surrounding the overland transport of VAs from the sulfonamide and tetracycline groups. Gaps 
in current knowledge and requirements for further research were identified. Data was gathered 
from relevant peer-reviewed journal papers, textbooks and legislature. Topics of interest were: 
the behaviour of VAs in host materials (fertilizer and soil), the detected concentrations of VAs in 
different environmental compartments (fertilizer, soil and surface water systems) and the 
mechanisms which govern the overland transport of VAs (surface runoff and soil erosion).  
This study discovered that the majority of research in this field so far had been aimed at the 
detection of VAs in fertilizers and soils and their behaviour therein, although the lack of some 
behavioural constants in published literature (sorption coefficients and degradation constants) 
prevented clear comprehension of the transfer of VA masses from fertilizers to soils. 
The overland transport of VAs and the consequential contamination of the environment 
were found to be under-researched. A small number of studies from around the world were found 
that confirmed the overland transport of VAs (in experimental conditions) and the occurrence of 
VAs in surface water systems (water and sediment) in areas specifically affected by runoff from 
agricultural areas. Antibiotics were also found to have been detected in human drinking water 
and food sources (flora and fauna), although their source (humans or veterinary medicine) is 
unclear. 
 In general, it was found that the overland journey of VAs from fertilizers to surface water 
systems had never been conceptualised as a series of connected steps. It was recommended that 
the journey should be simulated over a study area (in which VA contamination in surface water 
systems was suspected to be prevalent) by expanding a physically-based soil erosion model to 
account for the occurrence and behaviour of VAs in masses of soil and water that were 
transported overland. This would allow the masses of transported VAs to be assessed with spatial 
and temporal variation, whilst taking into account the major factors that influence the overland 
transport of material (climate, soil type, vegetation and topography).  
 The studies presented in the remaining thesis chapters each contribute to completing this 
conceptualisation of the overland transport of VAs across the study area of Germany. 
7.2.3 Water and sediment sampling (Chapter 3) 
The literature review (Chapter 2) identified a global lack of surface water sampling 
schemes in areas that were specifically affected by runoff from agricultural land. The aim of this 
study was to assess if VAs were present in German surface water systems (in both water and 
sediment) following their overland transport from agricultural fields in runoff and soil erosion. 
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This was the first study conducted in Germany (or indeed Europe) in which the analysis of 
sediment samples from areas of potential VA contamination was conducted. 
Three water and sediment sampling schemes were conducted in Germany to examine the 
effects of (1) season, (2) heavy rainfall and (3) high veterinary antibiotic usage. Antibiotics were 
detected in all three schemes in trace quantities, which was the first time that veterinary 
antibiotics had been detected in German sediment. In particular, the presence of the VA 
tetracycline in sediment taken from irrigation ditches in an agricultural area of high veterinary 
antibiotic usage offered proof that the overland transport of veterinary antibiotics was occurring 
in Germany and that further research into the involved processes was justified in this study area. 
7.2.4 Laboratory experiments (Chapter 4) 
The literature review (Chapter 2) identified a lack of research into the solid-liquid 
partitioning of VAs in fertilizer and the separate degradation of VAs in the solid and liquid 
phases of a host material. The transfer of VA masses from fertilizer to soil was therefore 
considered to be difficult to conceptualise.  
To do so and hence to replicate the journey that VAs follow between the animal stall and 
environment, two experiments were conducted to examine the behaviour of the VAs 
sulfadiazine, sulfamethazine, sulfamethoxazole and tetracycline. The solid-liquid partitioning of 
VAs in different densities of cow excrement, fertilized sandy soil and fertilized clayey soil was 
observed over 28 days (sorption coefficients, ܭௗ  [kg kg-1] were calculated). The degradation 
constants of VAs in the solid and liquid phases of each host material were also observed over 
28 days (degradation constants of VAs in solid form, ݇௦ [day-1], and liquid form ݇௟ [day-1] were 
calculated). 
In excrement, the majority of the VA mass was found in the liquid phase. In the saturated 
soils, the majority was found in the solid phase. Sorption coefficients were not influenced by 
excrement solid content and were higher in clayey than in sandy soils. Tetracycline exhibited 
stronger sorption to solids than the analysed sulfonamides. Sulfamethoxazole degraded in the 
cow excrement within 28 days, indicating that the introduction of this VA to fields is unlikely. 
No degradation of sulfadiazine, sulfamethazine or tetracycline was observed in soil solids, 
indicating that their accumulation on fields and transport via soil erosion is likely. The 
degradation of all VAs was faster in sandy soil liquid than clayey soil liquid. 
The trends identified in this study allowed the transfer of VA masses from fertilizer to soil 
to be understood clearly for the first time and for these steps of the VA overland journey to be 
modelled (Chapters 5 and 6), using the calculated behavioural constants as input data. 
7.2.5 Numerical model theory (Chapter 5) 
The literature review (Chapter 2) identified the need to conceptualise the overland journey 
of VAs from fertilizers to surface water systems as a series of connected steps. The Veterinary 
Antibiotic Transport Model (VANTOM) was developed, with the aim of predicting the fate of 
 147 
VAs that are applied to fields in fertilizer, be it transport to surface water systems, accumulation 
on fields or degradation. 
The transfer of VAs from fertilizer to soil was modelled based on the trends identified in 
Chapter 4 (Bailey et al., 2016). The resulting masses of VAs that were calculated to be in soil 
solid and soil liquid were considered to be liable to overland transport if present in the top 
millimetres of the field. The transfer of VAs from fields to surface water systems (via overland 
transport) was modelled by coupling VANTOM with an existing model that is capable of 
calculating rates of runoff and soil erosion (the VA transporting agents) over the desired study 
area. The process model PESERA (Pan European Soil Erosion Risk Assessment) was chosen for 
this task due to its aptitude to large study areas, such as Germany. 
VANTOM is applicable to small or large study domains, for short or long study periods. 
VANTOM calculates a VA mass budget within each time step, which accounts for the addition 
of VAs to fields via fertilizer application and their subtraction via degradation and transportation 
in runoff water and eroded soil. The solid-liquid partitioning of VAs in both fertilizer and soil is 
considered. The downwards transport of VAs due to infiltration, the upwards transport of VAs 
due to evaporation or uptake through plants, and the lateral transport of VAs due to groundwater 
flow in the unsaturated layer are not modelled. 
A case study was presented in which the fate of the VAs sulfamethazine and tetracycline 
was examined over one year (in time steps of one month), following their application to 
agricultural fields in fertilizer across Germany in the month of March. Behavioural constants 
(sorption coefficients and degradation constants) were taken from the results of Chapter 4. When 
fertilizer was applied to soil, the majority of VAs sorbed to the soil solid, where they persisted 
(due to the lack degradation in soil solid) and from where they were transported overland in solid 
form. VA overland transport was found to take place in trace quantities across Germany, 
primarily in solid form, with peak transport rates occurring in the basins of the rivers Weser, 
Elbe and Danube. This correlates well with the results of the water and sediment sampling study 
(Chapter 3; Bailey et al., 2015) in which tetracycline was detected in sediment in the basin of the 
river Weser. The average concentrations of sulfamethazine and tetracycline that were calculated 
to be in fertilizer, soil and surface water systems by VANTOM were found to correlate with 
reasonable accuracy to concentrations of sulfamethazine and tetracycline that were detected in 
the sampling schemes discussed in the literature review (Chapter 2).  
This was the first time that the entire VA overland journey was conceptualised over a study 
area. Although specific results should be treated with caution due to the generalisation of input 
data, assumptions in modelled processes and low temporal and spatial discretization, VANTOM 
can be considered a useful tool for indicating VA contamination hotspots across Germany.  
7.2.6 Numerical model application (Chapter 6) 
The aim of this study was to investigate the effects of different fertilizer management 
variables on the masses of VAs which contaminate agricultural fields and the VA masses which 
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are subsequently transported overland across Germany. The assessed fertilizer management 
variables were (1) fertilizer type: cow excrement, pig excrement or biogas digestate, (2) fertilizer 
application choice: 45 m3 hectare-1 applied once per year (March) or 22.5 m3 hectare-1 applied 
twice per year (March and June), and (3) the depth to which fertilizer is ploughed into fields: 
30 cm or 15 cm. By combining these variables to observe their effects on the overland transport 
of (a) the sulfonamide group and (b) the tetracycline group, 24 different scenarios were created. 
The literature review (Chapter 2), identified a lack of published data regarding the 
temporal variation of VAs in different fertilizers. To acquire this data, samples of dairy cow and 
pig excrement were collected monthly from German farms and analysed for their VA 
concentrations. Temporal distribution data of VAs in biogas plant digestate fertilizer was taken 
from published literature (Spielmeyer et al., 2015). The observed temporal trends of VAs mass in 
each fertilizer type were combined with data released from the German government (BVL, 2014) 
regarding the spatial variation of VA usage across Germany, making it possible to estimate the 
mass of VAs in each fertilizer type in any region of Germany for any month of the year. 
Although this data is acknowledged to be generalised, it is the first time that the temporal trends 
of VAs in different fertilizers have been extrapolated across a country, to aid the 
conceptualisation of where and when large VA masses are applied to fields.  
The model VANTOM (Chapter 5) was again coupled with the existing process model 
PESERA and used to predict the masses of VAs that were transported overland across Germany 
over one year as a result of the 24 fertilizer management scenarios. VA behavioural constants 
were again taken from the results of Chapter 4 (Bailey et al., 2016). Results showed that 
maximum VA overland transport occurred when all fertilizer types were ploughed to a depth of 
15 cm and that higher rates of overland transport in liquid form occurred at different times of 
year depending on the VA mass in fertilizer when it was applied. Peak transport rates of VAs in 
solid form took place in September, due to increased rates of soil erosion in this month across 
Germany. The majority of VAs applied in fertilizer were found to accumulate in soil solid due to 
the sorption of VAs to solid particles and the consequent lack of degradation in that state. For 
this reason, greater masses of VAs were both accumulated and transported in solid form than 
liquid form. 
Finally, VANTOM was used to run scenarios for six consecutive years in order to observe 
long term trends, which indicated that VAs accumulate in soil solid at decreasing rates per year 
and in soil liquid at increasing rates per year due to constant solid-liquid partitioning coefficients. 
The addition of fluid to contaminated soil increased the mass of VAs in soil liquid due to the 
desorption of VAs from soil solid.  
7.3 Research achievements 
For the first time, the overland transport of VAs across a study area has been modelled: the 
objective of the thesis has therefore been achieved. Research has been conducted into the 
environmental contamination of VAs over the past twenty years, but studies were generally 
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either concerned with VA behaviour in just one compartment (fertilizer or soil) which were 
difficult to compare to others due to the inconsistency of control parameters (such as the organic 
content and pH of host materials, which affects the solid-liquid partitioning of VAs), or they 
were concerned with VA detection in different compartments without considering how VAs 
were practically transported from one to the next. 
Whilst the detection of VAs in different environmental compartments around the world has 
increased and generalised notions of transportation and behavioural trends have become 
accepted, this is the first time that the whole VA overland journey has been conceptualised as a 
series of connected steps; starting with the application of VAs to fields in fertilizer, ending with 
VA residence in surface water systems and accounting for VA behaviour along the journey (the 
solid-liquid partitioning of VAs in different host materials and separate degradation rates for 
VAs present in solid and liquid form). Implemented input data are generalised but relevant to the 
study area of Germany; results are also generalised but present useful trends and correlate (with 
reasonable accuracy) with the findings of published sampling schemes. 
The compilation of research studies presented in this thesis, which ultimately lead to the 
execution of numerical model scenario analyses to determine the influence of fertilizer 
management techniques on the overland transport of VAs across Germany, is considered by the 
author to represent a comprehensive and practical advancement in the current appreciation of VA 
overland transport. Areas and months of high VA transport in Germany have been identified, 
which will allow field research to come more focussed in the future. It also helps to 
communicate the scale of the problem to concerned parties, which may help lead to the 
development of contaminant mitigation methods in the future. 
The main trend which has been identified as a result of the above research, and which was 
not found to be regularly discussed in published literature, was that the majority of VAs which 
are transported overland are transported in solid form (attached to eroded soil particles). This is 
due to the sorption of VAs to soil solids on agricultural fields, their accumulation thereon and 
their consequential transport therefrom. This identified trend is supported by the detection of 
VAs in the sediment of agricultural drainage ditches in Chapter 3 (Bailey et al., 2015) and the 
high ܭௗ (sorption) values and low ݇௦ (degradation) values of VAs in soils that were calculated in 
Chapter 4 (Bailey et al., 2016). 
Published research regarding the transport of VAs in the environment has so far mainly 
focussed on the transport of VAs in liquid form. This thesis stresses that only a very small 
percentage of the mass of VAs administered to animals is present in liquid form on the field 
following its application in fertilizer (Chapter 4) and that the majority of that small percentage 
will degrade within a few months (Chapter 5 and 6). The addition of liquid to VA contaminated 
soil (be it from rain or the application of non-contaminated liquid fertilizer) was found to cause 
the desorption of small masses of VAs from soil solid which were liable to transportation in 
liquid form until their subsequent complete degradation. 
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7.4 Research limitations 
The trends that are presented in this thesis are considered to be generally valid and 
applicable around the world. However, due to the many generalisations and assumptions that 
were made in the process of calculating VAs masses that were transported overland (in this case 
across Germany), specific calculated results must be treated with caution. 
Perhaps the most controversial generalisation that was made was the use of the VA 
sorption coefficients and degradation constants that were calculated in Chapter 4 (Bailey et al., 
2016) as input data for VANTOM, and which were consequently applied across Germany 
(Chapters 5 and 6). The behavioural constants were calculated in Chapter 4 following the 28 day 
observation of VAs in firstly cow excrement and secondly saturated soils (sandy and clayey) 
which had been fertilized with VA-contaminated cow excrement. The use of the resultant 
behavioural coefficients is controversial as the experiments were only conducted over 28 days, 
yet the behavioural constants they produced have been used in VANTOM to replicate VA 
behaviour in soils for up to six consecutive years; it is probable that the long term predictions of 
VA occurrence in soils (Chapter 6) are (at least partially) incorrect. This is particularly relevant 
to the degradation of VAs in soil solid (which was assumed to be equal to zero for all VAs), 
meaning that extreme accumulation of VAs in soil solid was observed per year, also influencing 
the masses of VAs which were transported (in both solid and liquid form). These behavioural 
constants were used due to a lack of appropriate alternative (for example, separate degradation 
constants for VAs in solid and liquid form were not found in published studies), but the 
acquisition of long-term behavioural constants is recommended for future uses of VANTOM. 
Input data provided by PESERA (the masses of runoff and eroded soil which are 
transported overland, acting as VA carrying agents) is also inaccurate (Chapters 5 and 6). It was 
declared by its developers (Van Rompaey et al., 2003) to have an error margin of up to a factor 
of four, which will affect the accuracy of transported VAs by up to a factor of four. Data 
calculated by PESERA can be improved by refining the discretization of PESERA input data; for 
example, gathering data on a grid with cell areas of 250 m2 rather than 1 km2. Whilst PESERA 
was an appropriate choice for a study areas as large as Germany, if a smaller study area is 
considered in the future, the use of a more accurate soil erosion process model should also be 
considered. 
Input data regarding the spatial and temporal occurrence of VAs in different fertilizers 
(Chapter 6) was also strongly generalised: temporal trends obtained from sampling fertilizer 
types from single farms were extrapolated across a whole country. This measure was again taken 
due to the lack of alternatives: fertilizer samples studies (which consider the temporal variance in 
VA occurrence) have not been conducted for different fertilizer types across the study area of 
Germany. Similar problems arose when judging the accuracy of VANTOM results (Chapter 5): 
no soil or surface water system sampling schemes which consider the temporal variance in VA 
occurrence have been conducted across Germany. In the future, if a smaller study area is 
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investigated, then fertilizer, soil and surface water systems samples should be analysed across the 
study area (with temporal variation) in order to provide better input data and validation data for 
future VANTOM simulations. 
Aside from the quality of input data, VANTOM offers approximate results due to 
assumptions that are made in the processes that are modelled. For example, because fertilizer 
events and runoff events are separated by the fixed duration of one or more time steps, VA mass 
reductions due to degradation, which are time dependent, are affected. For higher accuracy, a 
sub-time step system could be introduced, so that fertilizer and runoff events can be flexibly 
placed at any temporal interval apart and the corresponding degradation losses calculated 
appropriately. The liquid degradation constants for sulfamethazine (calculated in Chapter 4, 
implemented in Chapters 5 and 6) indicated that total degradation occurred within two to four 
months of VA-contaminated fertilizer application to fields. Considering the approximate nature 
of all implemented VANTOM input data, the finer accuracy which would be provided by using a 
sub-time step (i.e. in which days of the month VAs exist and are transportable in soil liquid) 
would not significantly alter the usefulness of the results. However, if a VA with higher 
degradation rates were modelled and more accurate results were required, either a sub-time step 
or shorter time steps (i.e. one week or one day) could be employed, in conjunction with more 
accurate input data. 
Another simplification of VANTOM is that it does not account for the downwards 
transport of VAs due to infiltration, the upwards transport of VAs due to evaporation or uptake 
through plants, nor the lateral transport of VAs due to groundwater flow in the unsaturated layer. 
Again, based on the very small quantities of VAs that have been calculated to be present in soil 
liquid in Chapters 5 and 6, modelling these processes will not significantly alter generalised 
results and is therefore not necessary unless high accuracy is desired. 
7.5 Recommendations and closing remarks 
The limitations of research presented in this thesis are mainly due to the implementation of 
generalised input data, which were used due to the lack of an alternative. This was due to both 
the large size of the study area, Germany, and a lack of published data regarding (a) the 
occurrence of VAs in different fertilizer types (with temporal distribution) and (b) VA 
behavioural traits at each stage of the subsequent VA overland journey (solid-liquid partitioning 
and degradation in solid and liquid form). 
Despite the highlighted limitations, the results of the compilation of studies presented in 
this thesis highlight areas of high VA overland transport to surface water systems, such as along 
the border of North Rhine-Westphalia and Lower Saxony. It is recommended that a detailed, 
long term, physical study of VA overland transport is conducted across a relatively small area of 
farmland in this area and that VA overland transport in the same area is simulated using 
VANTOM; by comparing VANTOM results to real results, VANTOM can be validated and 
improved. The temporal variation of VAs in fertilizers, soils and surface water systems in the 
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area, plus sorption coefficients and degradation constants, should be assessed via long-term 
sampling schemes. This would involve co-operation with farmers in the chosen area: all VA and 
fertilizer management criteria must be understood, including the masses of VAs that are 
administered (and pass through animals) at specific times of year, the masses of fertilizer that are 
applied to fields throughout each year, the influences of crop rotation on fertilizer management 
and the plough depth. Soil erosion and runoff rates could either be physically measured across 
the study area, or simulated using a process model which offers accurate results over small areas. 
If VANTOM is validated, then it could be used as a reliable tool for predicting rates of VA 
accumulation in soils and the overland transport therefrom, in study areas where the trends of 
VA occurrence in applied fertilizers are understood. 
Further research should also be conducted into the fate of VAs that enter surface water 
systems. The downstream routing of VAs in water and sediment could be modelled and VA 
accumulation in areas of channel sedimentation could be identified. In particular, the effects of 
VAs on flora and fauna in affected areas should be explored, particularly in areas where human 
food sources (particularly freshwater fish or shellfish) or drinking water sources are potentially 
affected. 
The results calculated by VANTOM (Chapter 5), plus the results of the water and sediment 
sampling schemes (Chapter 3; Bailey et al., 2015) indicate that very low concentrations of VAs 
are transported to surface water systems (in the ng kg-1 to ȝg kg-1 range, which is not currently 
considered to be a threat to human health (Hamscher et al., 2005)). However, VANTOM results 
indicate that VAs are accumulating on agricultural fields in solid form. More detailed research 
should be conducted in order to assess if VAs are indeed accumulating rapidly over time, as this 
could lead to the increased contamination of plants that grow in those soils (Boxall et al., 2006), 
which are human food sources.  
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